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A BSTRA CT

CFD M odeling of Compact Offset Strip-fin High Temperature Heat Exchanger
by
Sundaresan Subramanian
Dr. Yitung Chen, Exam ination C om m ittee Chair
Associate Professor, D epartm ent o f M echanical Engineering
U niversity o f N evada, Las Vegas

This thesis deals with the developm ent o f a num erical model to predict the overall
perform ance o f an advanced high tem perature heat exchanger (HTHX) design, up to
1000°C, for the production of hydrogen by the sulfur iodine therm o-chem ical cycle. The
present study considers an offset strip-fin type com pact high tem perature heat exchanger
made of liquid silicon im pregnated carbon com posite (SiC). The ceram ic matrix
com posite material (CMC) is m anufactured by im pregnating the silicon into the pores of
the carbon com posites. The prototype heat exchanger is designed to operate at a thermal
pow er of 50 M W . The design is an offset strip-fin, hybrid plate com pact heat exchanger.
The two working fluids are helium gas and liquid salt (FLINAK). The offset strip-fin is
chosen as a m ethod of heat transfer enhancem ent because of its ability to induce periodic
boundary layer restart mechanism between the fins that has a direct effect on heat transfer
enhancement.

The effects of the fin geom etry on the flow field and heat transfer are

studied in three-dimensions using num erical techniques, and the results are then
compared with the results from the analytical calculations. The pre-processor GAM BIT is
iv

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

used to create a com putational mesh, and the CFD software package FLU EN T that is
based on the finite volum e m ethod is used to produce the num erical results. The
equations governing the flow and heat transfer are solved num erically using finite volum e
techniques, additional transport equations are also solved when the flow is turbulent.
The fluid flow inside the heat exchanger channels is considered to be incom pressible
and steady. The standard K - (O m odel is used for modeling turbulence while the conjugate
heat transfer m odel is used for solving the energy equation. The heat exchanger channel
is characterized by the presence o f the fins m ounted in a staggered fashion along the flow
direction. For the present study both rectangular edged and curved edged fin channels are
considered. The model developed in this thesis will be used to investigate the heat
exchanger design param eters in order to find an optimal design. Also numerical
simulation results were perform ed and com pared to study the effect of the temperature
dependent physical properties.
Comparison of the overall perform ance between tw o fin shapes (rectangular versus
curved edges) is perform ed using num erical techniques. The model developed in this
paper will be used to investigate the heat exchanger design param eters in order to find an
optimal design.
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CHAPTER 1

INTRODUCTION
1.1 M otivation and scope
Com pact heat exchangers are used in a wide variety of applications such as:
automobile radiators, air-conditioning systems, condensers, electronic cooling devices,
recuperators, and regenerators, and cryogenic exchangers. As it is advantageous to have a
lightweight and less space consum ing heat exchangers, com pact type heat exchangers are
the m ost sought after. T he need to design an interm ediate high temperature heat
exchanger (IHX) that acts as a interface between the nuclear reactor and the therm o
chemical loop that deals with the production of hydrogen as a part o f the N uclear
Hydrogen Initiative (NHI) program sponsored by the US D epartm ent of Energy (DOE)
gave the m otivation for this work.
W ith the inevitable depletion o f fossil fuels, hydrogen has been identified as a fuel
storage medium for the future. Hydrogen can be an attractive energy carrier if it can be
produced cleanly and in a cost-effective manner. N uclear energy can be used as an
abundant source of energy for the production of hydrogen through high temperature
processes (up to 1000 °C). The Sulfur Iodine (S-I) Cycle, a high tem perature process is a
baseline candidate therm o-chem ical process. It consists o f three chemical reactions that
result in the dissociation o f water. These reactions are as follows:

1
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h + S0 2 +2 H 2 0 ^

2

ffl+ H 2 S 0 4

H 2 SO 4 ^ H 2 0 + S 0 2 + ‘/202
2HI-»H2+l2

(120°C min.)

( 1. 1)

(850°C min.)

(1 2 )

(450°C min.)

(1 3 )
(1.4)

N et R eaction:H 20—>H2+'/202

Theoretically, only w ater and heat need to be added to the cycle. From the above
chem ical reactions one can see that the splitting o f the w ater molecule by this m ethod
requires a tem perature o f at least 850°C.

All o f the reactants, other than water, are

regenerated and recycled. Figure 1.1 shows a concept for driving the S-I process using
process heat from a m odular helium reactor (M HR). The interm ediate heat exchanger
(IHX) consists o f heat exchanger m odules housed w ithin a vessel, along with the primary
coolant circulator. A lternatively, the intermediate heat transfer fluid could be a hightemperature low -pressure liquid salt, depending upon tradeoffs among pumping power,
heat exchanger m echanical design, materials perform ance, cost, and safety.

HYDROGEN

He/LS

He/LS

H«

N U C LEA R
R E A C TO R
6 0 0 M W (t)

C H EM IC A L R EA C TO R
HEAT
EXCHANGER

HgO

I2 + SO^ + 2 H2O

He

He/LS

H2SO4
OECOAWOSER
H g S O ^ -» 1 /2 O 2 + S 0 ^ + H gO

Figure 1.1. Schem atic diagram o f the plant concept
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1.2 IH X Requirem ents
There are essentially four basic requirem ents for the advanced IHX (C.F. M cDonald
[1]), namely: (1) construction to assure leak tightness under all modes of operation, (2)
on-line leakage m onitoring capability, (3) higher temperature capability, and (4) com pact
heat exchanger capability for ease o f installation. This research was concentrated upon
choosing a com pact heat exchanger that meets the requirements of 3 and 4.
C om pact heat exchangers are characterized by extended surfaces with large surface
area to volume ratios. Extended surfaces are provided in order to enhance the heat
transfer rate; and there are many m ethods which are adopted for heat transfer
enhancement. Some of the most com m only applied methods are providing fins, coiled
tubes, and swirl flow devices. Plate fins and tube fins constitute the fin type o f heat
transfer enhancement. The plate fin type in turn has several other forms such as plain
fins, offset strip fins, wavy fins, perforated fins, and pin fins. O f the above m entioned
types of heat transfer enhancement m ethods the offset strip fin is the most w idely applied.
In this project there was a necessity to design and develop a com pact heat
exchanger that could operate at high tem peratures, in order to aid in the therm o-chem ical
process for hydrogen production. This thesis is concerned with the design of an offset
strip fin heat exchanger for a high tem perature application that is made from a liquid
silicon impregnated carbon composite. The Ceram ic M atrix Composite (CMC) material
is manufactured by im pregnating the silicon into the pores of the carbon com posites. The
prototype heat exchanger is designed to operate at a therm al pow er of 50 MW. This type
of heat transfer enhancem ent method was chosen because the fins are able to create a
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boundary layer restart mechanism; since, they behave as thin flat plates aligned along the
direction o f flow, which in turn increases the heat transfer.
It is w ell known that the heat transfer coefficients in the entrance region of a duct are
substantially larger than those at locations farther downstream. This is because the
entrance region is characterized by thin thermal boundary layers; w here as, in the
dow nstream region transport o f heat occurs across the entire duct cross section. The fact
that higher heat transfer coefficients are attainable in the entrance region has m otivated
the design o f heat exchanger flow passages which consist, in effect, o f successive
entrance regions. The walls o f such passages are periodically interrupted along the
stream wise direction. Each interruption enables the velocity and tem perature distributions
to becom e m ore cross-sectionally hom ogeneous, and a new boundary layer is restarted
when the passage wall is resum ed dow nstream of the interruption. This enhancem ent is
accom panied by an increase in pressure drop. Past research in this area was reviewed
intensively, and it was found that most o f the work was numerical or experim ental in
nature. The correlations that have been developed are based upon the experim ental data
and are valid only for limited parameters.
As in m ost heat exchanger problem s the working fluid, heat transfer rate, and mass
flow rate are usually known. If the concept o f heat transfer enhancem ent is also known
then the problem is simplified to an optim ization procedure. For w hich the perfect
correlations for the fanning friction f a c to r/a n d the colboum factor j are necessary.
Computational modeling o f these flows has been used in the past and has becom e
increasingly popular, because it can provide detailed information about the heat transfer
mechanism, if the model is accurate. Num erical methods are more flexible and much
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cheaper as it gives opportunity for testing new methods before they are executed through
experim ents, which would prove to be costly.

1.3 Research Objectives
The D epartm ent of Energy (DOE) gave the motivation for this w ork in support of the
N G N P program that deals with the production of hydrogen. Some of the research
objectives that have been outlined and which would benefit the developm ent of a high
tem perature com pact heat exchanger are:
•

Choosing the best suited heat transfer correlations for the lam inar, turbulent, and
transition region

•

Find a perfect correlation for the hydraulic diameter

•

Obtain experimental data to validate the CFD results

•

Optim ization o f the design

•

Choosing the most suited materials and working fluids whose thermo-physical
properties are temperature dependent

•

Models need to be developed for several flow conditions and boundary conditions

1.4 Literature review
O ver the past few decades a large amount of work has been conducted in the study of
heat transfer and pressure drop characteristics of com pact heat exchangers. Though
various types o f interrupted fin surfaces have been done in the past, this thesis focuses on
the strip fin type com pact heat exchanger. In the parallel plate fin heat exchanger there
are two variations, they are the inline and staggered type. A lthough the problem outlined
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mainly regards the staggered type, information regarding the inline type has also been
considered. Staggered fins can be obtained by offsetting the strip fins (Figure 1.2) hence
the nam e offset strip fin.

Radius at comer

Figure 1.2. Plan view of the offset strip fin channel

O ffset strip fin heat exchangers are used as evaporators in the refrigeration and air
conditioning industry (Carey [2]). The fins cause a recirculating flow between two
successive fins (Row ley and Patankar [3]). Enhanced heat transfer is obtained due to the
fins preventing the flow from becom ing fully developed and the restarting of the
boundary layer produces a higher heat transfer (K elkar and Patankar [4]). The following
paragraphs will discuss lam inar and turbulent flow in offset strip fins. Rowley and
Patankar [3] studied the laminar flow for a circular tube with circumferential internal fins
was studied, and it was found that these fins often decreased the heat transfer coefficient
because of the distribution of flow. The heat transfer was enhanced when the flow was
turbulent. The w ork done by D ejong et al. [5] showed that steady laminar flow heat
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transfer behavior was determ ined by boundary layer growth and that at higher Reynolds
num bers vortex shedding m ust be taken into account. Various experimental and
numerical studies were done to obtain the characteristics of the offset strip fin heat
exchanger (K elkar and Patankar [4], M aughan and Incropera [6], [7]). M aughan and
Incropera [6], [7] presented two papers about convection heat transfer in a horizontal
parallel plate with fins. The first paper (M augan and Incropera, [6]) considered the
num erical results while the second paper looked at the experim ental results (M augan and
Incropera [7]). Kelkar and Patankar [4] used a num erical m ethod to analyze the fluid flow
and heat transfer for a tube with staggered fins. F or fluids with low Prandtl num ber the
arrangem ent o f the fins had an influence on the heat transfer.
Kays and London [8] present the m ost needed experim ental data.

M ost o f the

research w ork that has been perform ed in this area has been done with the assumption of
zero fin thickness. M any different correlations for heat transfer have been review ed
during the literature survey. The other m ost im portant observation that was made is that
only some research workers have given the transition region its due, as m ost papers fail to
present a separate heat transfer correlation for the transition region.
W eiting [9] presented experimental data for 22 heat exchanger geometries with air as
the working fluid and developed correlations for heat transfer in the lam inar and turbulent
region by the multiple regression method. Correlations for the lam inar and turbulent
regions and the critical Reynolds num ber were developed in the paper. Their
relationships indicate that the flow passage aspect ratio is significant only in the lam inar
flow regime and the fin thickness param eter is significant only in the turbulent regim e.
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A lso th eir correlations are applicable only for working fluids such as air with Prandtl
num bers less than one.
Sparrow and Liu [10] performed numerical solutions for the fluid flow and energy
equations using a finite difference m ethod for a laminai' airflow through anays of inline
and staggered plate segments, considering them as a single periodic unit. They assumed
uniform tem perature and velocity at the inlet and isotherm al boundary conditions on the
plate surfaces. The plates are assum ed to be sufficiently thin so that thickness effects can
be neglected.

N o slip conditions were assum ed along all the solid boundaries and

sym m etric conditions were also considered as boundary conditions. Comparisons were
m ade between the overall perform ance o f inline and staggered fin arrays using constant
mass flow rate and constant pum ping power. In both cases the staggered fin
configurations seem ed to provide a higher effectiveness w ith a higher pressure drop.
Patankar et al. [11] conducted a num erical analysis on the heat transfer and fluid flow
in channels whose walls are periodically interrupted along the streamwise direction. The
momentum, mass, and energy equations were solved with constant fluid properties and
for negligible viscous dissipation and com pression work. The plates w ere assumed to be
of negligible thickness, sm ooth edged, and isothermal. The results were em ployed to
compare the heat transfer rates in heat exchangers com posed either o f interrupted-w all
channels or of parallel plate channels. The heat transfer augm entation was m arkedly felt
on relatively short heat exchanger channels and at high Reynolds numbers. The heat
transfer predictions lie about 20-35% above the data, w hereas the / predictions lay 1020% below the data.
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Joshi and W ebb [12] have made an attempt to identify the transition region by
conducting flow visualization experiments and they also m odified the coiTelations of
W eiting [9]. The authors developed elaborate analytical models, which are based upon
the p re d ic te d /a n d j characteristics. They also cam e up with a separated definition for the
Reynolds num ber (Re*) in the transition region. Thus, the laminar, turbulent, and
transition regions were identified.
Tinaut et al. [13] developed a prediction model for a water/engine oil com pact heat
exchanger, which predicts the heat exchanger performance and effects on various
geom etric param eters. Globally the expressions proposed have been found to be
acceptable when com paring the results o f the model to the experimental data.
M anglik and Bergles [14] studied 18 offset strip fin surfaces and analyzed the effect
of the non-dim ensional parameters on them, and arrived upon a correlation to describe all
three regions. They reanalyzed all other different thermal hydraulic relationships and
identified the asymptotic behavior in the lam inar and turbulent regimes.
L.W .Zhang et al [15] investigated the heat transfer mechanism for both the inline and
staggered array of strip fins. Finite fin thickness was assumed and correlations for the
transition region w ere derived for different Reynolds num ber values. They studied the
time-dependent flow behavior due to vortex shedding by solving tw o-dim ensional and
three-dimensional unsteady equations. The effect of vortices on the local Nusselts
number and the overall heat transfer is studied. The results were com pared to those of
Sparrow and Liu [10].
M uzychka and Yovanovich [16] have made a thorough review o f the other research
work done and the different correlations for heat transfer. They have also com pared their
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model with the data available in the Kays and London [8], The analytical models that
they derived are based on W eiting [9], and Joshi et al [12] but simpler. Those models
were found to be in correlation with the experimental data over a full range of Reynolds
numbers. They have also shown how the correlations for friction factor by M anglik and
Bergles [14] unpredicted experimental data at some Reynolds num ber regions. Their
models were in correlation with the data presented by Kays and London [8].
Saidi and Sunden [17] conducted numerical analysis of the instantaneous flow and
heat transfer for the offset strip fin geom etry in self sustained tim e-dependent oscillatory
flow. They also studied the effect o f bubble on heat transfer at the fin surfaces and
investigated the interm ediate Reynolds num ber region unlike m any other researchers.
Patankar and Prakash [18] presented a numerical analysis fo r the flow and heat
transfer in an interrupted plate passage, which is an idealization o f an offset fin heat
exchanger channel, and com pared the overall results with available experim ental data.
Their calculation m ethod was based on the periodically fully developed flow through one
periodic module, and the effect o f plate thickness in the offset strip fins was studied.
They also assum ed stable laminar w ake and used a constant heat flux boundary condition
with the additional specification that each row of fins were at a fixed temperature. Their
calculations have shown that by varying the fin thickness at fixed Reynolds num ber
based on the hydraulic diameter, the flow pattern changes, resulting in overall heat
transfer and friction loss. It was observed that only when the plate is sufficiently thick,
the recirculation zones extend to the next plate. From their investigations it was
concluded that a thick-plate situation leads to significantly higher pressure drop, while

10
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the heat transfer does not sufficiently im prove, despite the increased surface area and
increased mean velocity.
Suzuki et al. [19] performed a two-dim ensional numerical computation for unsteady
flow and thermal fields around a three-row in-line fin array with the assumption of
constant fluid properties. They studied the mechanism of heat transfer caused by flow
instability and analyzed the instantaneous flow and thermal fields. Explanation was given
for the effect of wake, which is an im portant mechanism on heat transfer enhancement.
M ochizuki et al. [20] did some experim ental work on the offset strip fin cores and
concluded that both / and j factors are enhanced with reduction in the fin length/plate
spacing ratio at a given Reynolds number. The / and j correlations are derived for the
offset strip fin cores.
Sara and A charya [21] perform ed a num erical study to analyze the unsteady threedim ensional flow and conjugate heat transfer in a channel with in line and staggered
arrays o f periodically m ounted square posts. They observed the flow to become unsteady
for the staggered case, even at low Reynolds numbers.

1.5 Outline o f thesis
Chapter 2 explains the details of the problem and the geom etry and the governing
equations associated. Chapter 3 num erical algorithm, the boundary conditions, and the
physical properties while Chapter 4 focuses on the validation o f the use of the numerical
model used for solving the governing equations. Chapter 5 and 6 discusses the results for
the different 2-D and 3-D geom etries, respectively. Chapter 7 explains the optimizations
studies performed while chapter 8 concludes the current research.

11
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CHAPTER 2

DESCRIPTIONS O F TH E PROBLEM AND GEOMETRY
T he proposed design for the interm ediate high temperature heat exchanger is a hybrid
plate-type ceramic com pact heat exchanger. The heat exchanger has a counter-flow
arrangem ent and the flow channel is characterized by the presence of periodic
interruptions in the form of rectangular or curved fins. The working fluids are helium gas
(hot side) and liquid salt (cold side); the prescribed operating conditions of the heat
exchanger are shown in Table 2.1 w ith the candidate working fluids dealt in this thesis
highlighted.

Table 2.1. IHX operating conditions
Primary/intermediate

Helium /Helium

H elium / Liquid salt

7.0/7.0

7.0/0.1

1000/632

1000/632

560/975

560/975

fluids
Primary/intermedi ate
pressures (MPa)
Prim ary inlet/outlet
temperatures (°C)
Cold side inlet/outlet
temperatures (°C)

12
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T he heat exchanger is designed to produce a therm al pow er of 50 MW, and the
overall dimension of the heat exchanger is I m x 1 m x Im. One module of the heat
exchanger under study is shown in Figure 2.1. The liquid salt considered is a fluoride
based salt, which is commercially referred to as FLINAK (Fluoride-Lilhiuin-SodiumPotassium ). The respective baseline channel dim ensions are chosen considering the
higher pum ping pow er required for pumping gases, as opposed to a liquid. The
considered design for the High Tem perature Heat Exchanger (HTHX) has the offset
arrangem ent of fins on both the hot and cold sides o f the heat exchanger. The purpose of
the heat exchanger is to decrease the temperature o f the helium (he) from 1000 °C
(1273.15 K) to 632 °C (905.15 K) by means of transferring the heat to the coolant fluid,
liquid salt (LS), through the solid m aterial o f the wall. The considered liquid salt,
FLIN AK , has a melting tem perature o f about 100 K below the designed inlet tem perature
of 560 °C (833.15 K); thus, providing liquidity o f the substance through the lengthy
paths of the heat exchanger (0.9 m long, 1 mm high). B y accepting heat from the H e side
through the solid m aterial, the LS is designed to be heated in the m icro channels alm ost
up to the inlet temperature o f helium , 975 °C (1248.15 K). In industrial applications all
the fins of heat exchangers are norm ally designed to be of equal size and shape to
maintain the geometric periodicity.

13
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Figure 2.1 Flow channel o f the candidate offset strip fin heat exchanger

The baseline design consists of 37 such periodic m odules along the flow direction and
they are also repeated num erously in the spanwise direction. The typical dimension o f
one module heat exchanger is shown in Figure 2.2.

Figure 2.2 One m odule o f the candidate offset strip fin heat exchanger

14
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2.1 O ffset strip-fin Channel dimensions
Figure 2 .2 shows the three-dimensional section of the geom etry that was considered
in the present study. Each fin has length (1), thickness (t), height (h), pitch in the xdirection (Px), and pitch in the y-direction (Py). Table 2.1 summarizes the flow channel
dim ensions for the baseline heat exchanger design. The dim ensions that were chosen for
the baseline heat exchanger geom etry were based upon some initial sensitivity studies
that were perform ed [22] based on the thermal design.

Table 2.2. B aseline H eat Exchanger Channel Dim ensions

Geometric
parameters

Helium side
(mm)

Liquid salt
side (mm)

Fin length (/)

10

10

Channel height (h)

2

1

Fin thickness (t)

0.75

1.25

Pitch in flow direction

12

12

3

3

(Py= l+ gap- length)
Pitch in span wise
direction (Px)

Since the heat exchanger geom etry is different from those reviewed in the literature
and due to the other constraints the analytical correlations that are derived in the literature
do not suit the heat exchanger calculations under study. H ence, it was decided to use
CFD techniques to perform the overall perform ance and optim ization analysis of the heat
exchanger. The fluid flow and heat transfer of the heat exchanger were performed using

15
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FLU EN T, a finite volume code based on a set o f governing equations and boundary
conditions.

2.2 G overning Equations
The fundam ental equations governing the physical process o f Newtonian viscous
fluid flow are the continuity and mom entum equations. For the convenience of utilizing a
tensor notation the x , y , z

coordinates will be denoted a

com ponents o f velocity as

s

, and the u ,v ,w

.

N eglecting body forces, the continuity and m om entum equations can be written in
Cartesian tensor form as follows:

(2 1 )

dui ^ duj
dx,J
V

dx,

2^

du,

3

dx.

+ P8i

(2 2)

where i , j = 1,2,3.
The m om entum equation written in the above form is known as the Navier-Stokes
equation. This set o f equations is a general set of equations that, along with some
additional model equations can be used for calculations o f any Newtonian viscous fluid
flow in Cartesian coordinates. W hile the governing equation for solving the tem perature
field is provided by

(23)

where E is the total energy.
16
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2.3 M odeling Approach
Initially the fluid flow and heat transfer analysis was performed using the twodim ensional model. A three-dimensional approach was then used in order to understand
the com plex flow physics and to get some idea about the three-dimensional approach that
needs to be adopted. This would also help in validating the use of the code for these types
of applications. The modeling and results will be discussed in detail in future chapters 5
and 6 o f the thesis.

17
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CHAPTER 3

N UM ERICA L M ETH O D AND ALGORITHM
T he flow inside an offset strip-fin heat exchanger channel is characterized by a
com plex flow field, which is affected by blockage and recirculation zones enhanced by
sharp rectangular edges and narrow gaps. In this case the actual physical device is
replaced by a discrete num ber o f points that represent the entire geom etry o f the cell
where the distributions o f pressure, velocity, etc. are to be found. The approach requires
defining the m athem atical equations that govern the physical process. These equations
will be solved only at the discrete points representing the geometry. FLUENT, a
com puter program, based on a finite-volum e m ethod is among the more powerful
packages of existing com mercial software for solving fluid flow and heat transfer
problems [23]. The purpose of this research study is to determ ine the effect of each
geometrical param eter on the perform ance o f the overall heat exchanger, and to
determine some useful m ethods on im proving the current baseline heat exchanger design.

3.1 The finite volume method
The Finite Volume M ethod (FVM ), often called control volume methods, are
formulated from the inner product o f the governing partial differential equations with a
unit function, I. This process results in the spatial integration of the governing equations.

18
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The integrated terms are approxim ated by either finite differences or finite elements,
discretely summed over the entire domain. Physically, the conservation of mass,
momentum, and energy are assured in the formulation of FVM via the FDM itself. For
the program used in this study, the approximation is done by the finite difference scheme.

3.2 Solution method
The segregated solver was used to solve the governing integral equations for the
conservation o f the mass, mom entum , and energy equations and other scalars, such as
turbulence. The solution is obtained by using a control-volum e-based technique which
consists of:
•

D ivision o f the domain into discrete control volumes using a com putational grid

•

Integration of governing equations on the individual control volumes to construct
algebraic equations for the discrete dependent variables (“unknow ns”), such as
velocity, pressure, tem perature, and conserved scalars

•

Linearization of discretized equations and solution o f the resultant linear equation
system to yield updated values of the dependent variables

3.2.1 Segregated Solution Algorithm
In this approach the non-linear governing equations are solved sequentially using the
iterative technique. Each step in iteration is as follows:
1. Fluid properties are updated, based on the current solution (or the initial
conditions) if just starting;
2. The u,

V,

and w m om entum equations are each solved in turn using current values

of pressure and face mass fluxes, in order to update the velocity field

19
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3. Since the velocities obtained in step 2 may not satisfy the continuity equation
locally the “Poisson-type” equation for the pressure coirection is derived from the
continuity equation and the linearized m omentum equations. This pressure
correction equation is then solved to obtain the necessary corrections to the
pressure and velocity fields and the face mass fluxes, such that the continuity is
satisfied.
4. W here appropriate the equations for scalars such as turbulence, and energy are
solved using the previously updated values of other variables;
5. A check for the convergence of the equation set is made.
The governing equations which are discrete and non-linear are linearized to produce a
system o f equations for the dependent variables in every com putational cell. The resultant
linear system is then solved to yield an updated flow -field solution. The governing
equations were linearized by the “im plicit” m ethod with respect to the set of dependent
variables. By this m ethod the unknown value in each cell is com puted using a relation
that includes both existing and unknown values from neighboring cells. Therefore, each
unknown appearing in m ore than one equation such as the velocity v and these equations
will be solved for sim ultaneously to give the velocity and pressure values.
A point im plicit Gauss-Siedel linear equation is used in conjunction with an algebraic
multi grid (AMG) m ethod to solve the resultant scalar system of equations for the
dependent variables in each cell. Thus, the solver solves for a single variable field like
pressure, at one time considering all cells. The next variable, like velocity, is solved using
the same technique.

20
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3.3 D iscretization
FLU EN T uses a control-volum e-based technique to convert the governing equations
to algebraic equations that can be solved numerically. This control volume technique
consists of integrating the governing equations about each control volume, yielding
discrete equations that conserve each quantity on a control-volum e basis. The integral of
the governing equations is applied to each control volume, or cell, in the com putational
domain and discretized. By default the solver stores the discrete values of the scalar
quantities at the cell centers. However, when the face values o f the scalar quantities are
required the values are interpolated from the cell center values. This is accom plished
using an “upw ind” scheme. U pwinding means that the face values are derived from
quantities in the cell upstream , relative to the direction of the normal velocity.
A first order upw ind scheme was used for acquiring first-order accuracy. W hen this
scheme is selected, the face value o f a scalar quantity is set equal to the value in the
upstream cell. Since the flow is aligned to the grid here i.e., flow in a hexahedral grid,
the first order discretization scheme was found to be acceptable.
3.3.1 Discretization o f the M om entum Equations
Since the pressure fields and face mass fluxes are not known a priori and m ust be
obtained as apart of the solution. FLU EN T uses a co-located scheme, whereby pressure
and velocity are both stores at cell centers. An interpolation scheme is form ulated to
compute the face values o f pressure from the cell values.

21
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P ressu re In te rp o la tio n Schem e

The default scheme in the standard solver interpolates the pressure values at the faces
using m om entum equation coefficients, since the variation between the cell centers is
considerably smooth without any large gradients.
3.3.2 D iscretization of the Continuity Equation
In the sequential scheme as described earlier the continuity equation is used as an
equation for pressure. But for incom pressible flows pressure does not appear explicitly
since density is not directly related to pressure. The SIM PLE (Sem i-Im plicit M ethod For
Pressure-Linked Equations) is used to introduce pressure into continuity equations.
P ressu re-V elo city C oupling

The SIM PLE algorithm uses the relationship between velocity and pressure
corrections to enforce mass conservation and to obtain the pressure field. The m om entum
equation when solved using a guessed pressure field to obtain the face flux. If the
resulting face flux does not satisfy the continuity equation a correction face flux is added
to obtain the corrected face flux. Thus, satisfying the continuity equation.
The SIM PLE algorithm substitutes the flux correction equations into the discrete
continuity equation to obtain the discrete equation for the pressure correction p ’ in the
cell. The pressure-correction equation may be solved using the AM G method.

3.4 M odeling periodic flows in the heat exchanger channel
Periodic flow occurs when the physical geom etry of interest and the expected pattern
of the flow solution have a periodically repeating nature. In this type o f heat exchanger
geometry, a pressure drop occurs transitionally across periodic boundaries, resulting in a

22

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

“fully-developed” or “stream wise-periodic” flow. FLUENT provides the ability to
calculate such a periodic flow.
3.4.1 Theory
DcJ'initiuii u f P c r i u d i c Velocity

The assumption o f periodicity im plies that the velocity com ponents repeat themselves
in space as follows:

u { r ) - u r+ L \ - u r + 2 L
I
J
V
y

v (r)

=

r+ L

V

y

)

= v r + 2L = ...
V
y
y->

w (r) = w r + L
I
J

(3.1)

-

w

r+

(3.2)

^
2L

V

= ...

(3.3)

/

W here r is the position vector and L is the periodic length vector o f the domain
considered.

3.4.2 Definition o f Stream wise-Periodic Pressure
F or viscous flows the pressure is not periodic in the sense o f equations 3.1-3.3.
Instead, the pressure drop between the modules is periodic

^p = p

r+ L = p \r
V
y

r + 2L = ...
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(3.4)

Since the segregated solver was used the local pressure gradient can be decomposed

into two parts: the gradient of a periodic component, V p r
and the gradient of a
V y

linearly-varying com ponent, f i

L

V p |^rJ = /7— + V p r
V y

W here V p r

is the periodic pressure and

V y

r

is, the linearly-varying component

V y

o f the pressure. The periodic pressure is the pressure left over after subtracting out the
linearly-varying pressure. The linearly-varying com ponent o f the pressure results in a
force acting on the fluid in the m om entum equations. Because the value o f P is not
known a priori it must be found iteratively until the mass flow rate that has been defined
is achieved in the com putational model. This correction o f

occurs in the pressure

correction step o f the SIM PLE algorithm, where the value o f ^ is updated based on the
difference between the desired mass flow rate and the actual one. The num ber of sub
iterations used to update

is decided by the user.

3.4.3 Calculation M ethod
In order to calculate a spatially periodic flow field with a specified mass flow rate or
pressure derivative, a grid was created with translationally periodic boundaries that are
parallel to each other and equal in size. If the mass flow rate specification option is
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chosen and the solver calculates the appropriate value o f P . The value of

is iterated

until the desired mass flow rate is obtained.

3.5 Turbulence modeling
T he flow s inside the type of heat exchanger channels outlined in this work are
som etim es

characterized

by

fluctuating

velocity

fields.

These

fluctuations

mix

transported quantities such as mom entum , and energy and cause these transported
quantities to fluctuate as well. Since these fluctuations are of small scale and high
frequency they are too com putationally expensive to sim ulate directly in calculations.
Instead, the exact governing equations can be tim e-averaged, ensemble-averaged, or
otherwise m anipulated to remove all scales, resulting in a m odified set of equations that
are com putationally less expensive to solve.
3.5.1 Choosing a Turbulence M odel
FLU EN T offers two m ajor approaches for the turbulence modeling, the Reynoldsaveraged Navier-Stokes (RANS) and the Large Eddy Sim ulation (LES).

W hile the

form er is well developed and consumes less com putational tim e the latter is in its infancy
stage and requires very large com putational times. The R eynolds-averaged Navier-Stokes
(RANS) equation represents transport equations for the mean flow quantities only, with
all the scales o f turbulence being modeled. The approach o f perm itting a solution for the
mean flow variables greatly reduces the com putational effort. Since the mean flow is
considered to be steady, the governing equations will not contain time derivatives and a
steady-state solution can be obtained econom ically. The Reynolds-averaged approach is
generally adopted for practical engineering calculations such as flow inside heat
exchanger channels. The turbulence m odeling was perform ed using the standard k-o )
25
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m odel, an inbuilt module in the commercial code FLUENT (2003), which is based on the
RA N S approach.
The standard k-ry model is an empirical model based on model transport equations for
ihc turbulence kinetic energy (k) and the specific dissipation rate (ry). As the model has
undergone modification over the years production terms have been added to both the k
and CÙ equations, which have im proved the accuracy o f the model in predicting shear
flows. The transport equations of the k-co turbulence model are as follows:

^
dt

'

dk

+

(3.5)

- Y ^ + S,^

dxj . a . , ,

A nd
3 .
.
3 ,
.
3
(p û ? ) + — ( p £ M .) =
dt
d x,
'
dx.

+

^

(3.6)

In these equations Gk represents the generation o f turbulence kinetic energy due to
m ean velocity gradients.

represents the generation of û). F,^ and F^represent the

effective diffusivity of k and C O , respectively.
and CO due to turbulence. 5^ and

and

represent the dissipation of k

are the user defined source terms, and all o f the

above terms are calculated as described below.
3.5.2 Modeling the Effective D iffusivity
The effective diffusivities for the k- co model are given by
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K =

m

+

M,

W here cr^ and cr,, are the turbulent Prandtl numbers for k and co, respectively. The
turbulent viscosity,/r,, is computed by combining k and mas follows;
« pk
CÛ

3.5.3 Low -Reynolds-N um ber Correction
Since the flow inside the heat exchanger channel is in the transitional regim e it is fit
to enable the Low -Reynolds-N um ber correction equation. The coefficient a dam ps the
turbulent viscosity causing a low -Reynolds-num ber correction. It is given by:

Re.
cc

1+

Re.
y

W here
pk

Re. -

po)

R, =6
A

= 0.072
Note that in the high-Reynolds-num ber form o f the k- m model, or* = or* = I
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3.5.4 M odeling the Turbulence Production
P roduction o f k

The term Gk represents the production of turbulence kinetic energy. From the exact
equation for the transport o f k this term may be defined as:
— du I

P roduction o f CO

The production of co is given by

W here Gk is given by the above equation. The coefficient a is given by
Re.
a =-

i+R=.,

W here

=2.95. a and Ret are given by the above equations.

3.5.5 M odeling the Turbulence D issipation
D issipation o f k

The dissipation of k is given by

Where

/.•=1
Where
1 d k dco
- CO
J d xj dxj
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A nd

.4 \

Re.

1 + Re.
V

r

\4

V

=1. 5

R^=8

A: =0 09
D issipation o f (0

The dissipation of (O is given by:

Y.^pffy
W here

-

3 m,

3m,

2 .3%^

dx.

The strain rate tensor, S,j is defined in the equations above
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3.5.6 M odel Constants
a „ = 0 .5 2 , «0 =0.111, A I = 0.09, A = 0 .0 7 2 , R ^ = 8
R , = 6, R ^ = 2 .9 5 , r = i . 5 , (T, = 2.0, tr ^ = 2 .0
3.5.7 N ear W all Treatm ents for W all-Bounded Turbulent Flows
Turbulent flows are significantly affected by the presence of walls. Obviously, the
m ean velocity field is affected through the no-slip condition that has to be satisfied at the
wall. V ery close to the walls, viscous damping reduces the tangential velocity
fluctuations, while kinematic blocking reduces normal fluctuations. However, towards
the outer part o f the near-wall region, the turbulence is rapidly augm ented by the
production o f turbulence kinetic energy, due to the large gradients in the mean velocity.
Traditionally, there are tw o approaches to modeling the near-wall region. In one
approach the viscosity-affected inner region (viscous sub-layer and buffer layer) is not
resolved. Instead, semi-empirical form ulae called “wall-functions” are used to bridge the
viscosity-affected region between the wall and the fully-turbulent region. The use o f wall
functions obviates the need to m odify the turbulence model to account for the presence of
the wall.
In another approach the turbulence models are m odified to enable the viscosityaffected region to be resolved w ith a mesh all the way to the wall, including the viscous
sub-layer and are called the “near-w all m odeling” approach. Since flows in these
channels are in low -Reynolds-num ber regim es the wall function approach was found to
be inadequate. Thus, the near-wall m odeling approach was considered.
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3.6 G rid Considerations for Turbulent Flow Simulations
Successful computations of turbulent flows depend greatly on mesh generation, due
to the fact that strong interaction of the mean flow and turbulence, the numerical results
for the turbulent flows tend to be more susceptible to grid dependency than laminar
flows. Since the transitional flows option was enabled in the Viscous M odel panel to suit
the flow inside the heat exchanger channel, low-Reynolds-num ber variants were used,
and in such a case the mesh guidelines followed were sim ilar to those used for the
enhanced wall treatment.

3.7 D efining Turbulence B oundary Conditions
T he boundary conditions w hich need to be input into the code are the ones at the inlet
boundaries (velocity inlet). It is critical to specify correct or realistic boundary conditions
at the inlets, because the inlet turbulence can significantly affect the dow nstream flow.

3.8 Solution Strategy for Turbulent Flow Simulations
Compared to the lam inar flow simulations the turbulent flow w as m ore challenging in
many ways. Since the equations for m ean quantities and turbulent quantities are strongly
coupled in a highly non-linear fashion it took a lot more com putational effort to obtain an
accurate turbulent solution than it did to obtain an accurate lam inar flow solution. Some
of the extra care taken is as follows;
•

Additional care was taken to create an optimal mesh, since the flow was wall
bounded, and the wall was expected to significantly affect the flow.
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•

Hexahedral mesh was used, since the mean quantities were expected to have
larger gradients than in laminar flows.

•

Realistic inlet boundary conditions were set

3.9 Boundary Conditions
3.9.1 Velocity Inlet B oundary Conditions
Velocity inlet boundary conditions are used to define the flow velocity, along with all
other relevant scalar properties of the flow, at the flow inlets. The total (or stagnation)
properties o f the flow are not fixed, so they will rise to w hatever value necessary to
provide the required velocity distribution. This type o f boundary condition at inlet is
intended to be used in incom pressible flow. It requires the specification of velocity
magnitude and direction, the velocity components, or the velocity m agnitude normal to
the boundary. In this case the velocity normal to boundary specification method was
used. There are several ways in which the code allow s the definition of the turbulence
parameters for turbulent calculations. The m ethod o f specifying the turbulent intensity
and hydraulic diam eter was used for turbulence m odeling purposes. Since the flow was
found to be in the lam inar regions for m ost cases an intensity o f 1% was used.
3.9.2 Pressure Outlet B oundary Conditions
The pressure outlet boundary condition requires the specification o f gauge pressure at
the outlet. T he value of the static pressure is used only when the flow is sub-sonic, as in
this case. All other flow quantities are extrapolated from the interior. A set of the
“backflow” conditions are also specified, should reverse flow occur at the exit during the
solution process. Specifying realistic values o f backflow quantities reduced convergence
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difficulties. To set the static pressure the appropriate gauge pressure should be entered.
Backflow tem perature and turbulence param eters were set normal to the boundary with a
realistic value. At the pressure outlets FLUENT uses the boundary condition pressure
input as the static pressure of the fluid at the outer plane, and extrapolates all other
conditions from the interior of the domain.
3.9.3 Sym m etric Boundary Conditions
Sym m etric boundary conditions can be used when the physical geom etry of interest,
such as the outlined heat exchanger channel, and the expected pattern of the flow/thermal
solution are sym m etric. W hen using this type o f boundary condition in such regions no
additional boundary conditions are required. FLU EN T assumes zero flux o f all quantities
across a sym m etric boundary. There is no convective flux across a symmetry plane, and
the normal velocity com ponent across the sym m etry plane is zero. A ll the normal
gradients are set to zero for a sym m etry plane.
3.9.4 Periodic Boundary Conditions
Since the heat exchanger channel is characterized by a geometry periodically
repeating in the flow direction, and the expected flow pattern w ould have a periodically
repeating nature, the usage o f such type o f boundary conditions is valid. F or a periodic
boundary w ithout any pressure drop, there is only one input needed i.e., the geom etry is
translationally periodic but when there is a pressure drop the input of mass flow rate
across the periodic m odule is required. FLU EN T treats the flow at a periodic boundary as
though the opposing periodic plane is a direct neighbor to the cells adjacent to the first
periodic boundary. Thus, when calculating flow through the periodic boundary adjacent
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to a flu id cell, the flow conditions at the fluid cell adjacent to the opposite periodic plane
are used.
3.9.5 Thermal Boundary Conditions
W hen choosing to solve an energy equation, it is required to define the thermal
boundary condition at the walls. Since the wall zone here is a “tw o-sided w all” (a wall
that form s the interface between two regions, such as the fluid/solid interface) a conjugate
heat transfer problem is encountered. The code allows us an option to choose w hether or
not th e tw o sides of the wall are “coupled” . W hen the “coupled” option is chosen no
other additional therm al boundary conditions are required, because the solver will
calculate heat transfer directly from the solution in the adjacent cells. B ut when
perform ing

two-dim ensional

num erical

sim ulations

the

“Tem perature

Boundary

C onditions” was chosen, which requires the specification o f the wall surface temperature.
The heat transfer to the wall is com puted as

(3.7)

q = h ,{ T ,- T ,)

The fluid-side heat transfer coefficient is com puted based on the local flow -field
conditions. The heat transfer to the w all boundary is calculated as

(3.8)

<! = ^ ( T . - T , )
An

3.9.6 Fluid conditions
A fluid zone is a group of cells for w hich all active equations are solved. The only
required input for a fluid zone is the type o f fluid material. In our case there are tw o fluid
regions. The material properties o f the respective fluids are first defined in the material
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properties panel of FLUENT. Since during the turbulent flow simulation the second fluid
region w as always laminar, an additional input called “Lam inar-Zone” option was
activated to disable the turbulence modeling in that region.
3.9.7 Solid Conditions
A “solid” zone is a group o f cells for which the heat conduction problem is solved; no
flow equations are solved. The only required input for the solid zone is the material of
solid w hich is input into the material conditions panel of the FLU EN T code.

3.10 Physical properties model
An im portant step in the set up o f the numerical model is the definition of the
physical properties. For the solid materials since the segregated solver is used; only the
therm al conductivity value is required for calculations. W hile for the fluid m aterials the
values of density, therm al conductivity, viscosity, and specific heat capacity are required
for the calculation purposes. The physical properties may be dependent or independent o f
temperature depending upon the type o f approach chosen.
W hen there is a large tem perature difference between the fluid and the surface the
assumption o f constant fluid transport properties may cause som e errors, because the
transport properties of m ost fluids vary w ith temperature. These property variations will
then cause a variation of velocity and tem perature throughout the boundary layer o r over
the flow cross section o f the duct. F or m ost liquids, such as the liquid-salt Flinak, the
specific heat, thermal conductivity, and density are nearly independent of temperature,
but the viscosity decreases m arkedly w ith increasing temperature. It is also im portant to
note that the Prandtl num ber o f liquids also varies with tem perature, sim ilar to that of
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viscosity.

In the case o f gases, like helium, the density, therm al conductivity, and

viscosity all vary at the same rate with respect to temperature. The specific heat varies
only slightly with temperature and the Prandtl number does not vary significantly, which
was shown by Kakac ct al. [24].
Hence, in order to study the influence of temperature dependent physical properties
on the numerical simulations sim ple polynom ial equations w ere formed. W ith those
equations having the physical properties defined only as a function o f temperature. The
polynom ial functions derived are in the following form
(3.9)

(p{T) = A , + A J + A ; r ^ + ....

To define a physical property as a polynom ial function in FLU EN T the num ber of
coefficients (A) are specified and the values are entered in the control panel.
3.10.1 Helium gas properties
W hen the constant physical property model was assum ed the material properties such
as the density, viscosity, specific heat, and thermal conductivity w ere taken at a
temperature o f 1050 K.

Thus, when solving the energy equation the properties w ere

assum ed not to be changing as the tem perature changed in the flow channel. The
properties of helium gas at 1050 K are sum m arized as follows:
Density { p ) = 3.082 Kg/m^
Dynamic Viscosity ( / / ) = 4.91*10 ^ Kg/m*s
Specific H eat (Cp) = 5193 J/Kg*K
Thermal Conductivity (k) = 0.38679 W /m *K
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W hen the tem perature change along the channel was considered to be influencing the
m aterial properties algebraic equations were derived by the m ethod of curve fitting from
the data obtained within a certain temperature range. But since in most cases the specific
heat capacity docs not change with respect to temperature the value was kept constant, as
in the above model. The equations that were used and the graphs used to form the
algebraic equations for a tem perature range o f 800-1300 K are shown in Figures 3.1-3.5.
T herm al C onductivity U sing K elvin

k(T) = 0.0003*T 4- 0.0624 (W /m*K)

(3.10)
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Figure 3.1 Variation o f therm al conductivity o f helium with temperature
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D ensity Using Kelvin
p (T) = 3 .0 1 6 1 e -6 * f - 0.00948*T + 9.809 (Kg/m^)

(3 11)

D ensity of Helium
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Figure 3.2 Variation o f density o f helium with temperature

D ynam ic V iscosity U sing K elvin
p. (T) = -5 .4 6 8 5 e -1 2 * f -t- 4.0755e-8*T + 9.7485e-6 (Kg/m*s)
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(3.12)
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Figure 3.3 V ariation o f dynam ic viscosity o f helium with temperature

3.10.2 FLIN A K properties
W hen the constant physical property m odel was used, similar to the helium side the
material properties of FLIN A K (46.5% LiF - 11.5%NaF - 42%KF) was assum ed for a
constant tem perature of 1050 K and sum m arized as follows:
D ensity (/9 ) = 1939.85 Kg/m^
Dynamic V iscosity Qw) = 0.0021214 K g/m *s
Specific H eat (Cp) = 1882.8 J/Kg*K
Therm al C onductivity (k) = 4.50 W /m *K
In a similar w ay to that o f the helium side the tem perature dependent properties for
the density and dynamic viscosity w ere derived in the form o f algebraic equations
obtained from curve fitting techniques for a tem perature range of 748-1148 K were done.
But the specific heat capacity and the therm al conductivity were assum ed to always stay
constant.
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D ensity Using Kelvin
p (T) = 2783 - 0.803*T (K g /m l

C U 3)

T he D ensity of Flinak
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Figure 3.4 Variation o f D ensity o f FLIN AK with tem perature

D ynam ic V iscosity U sing K elvin
p ( T ) = 5.0351e-13*T^ - 2.1034e-9*T^ + 3.3161e-6*T^ - 0.0023468*T +

0.63319 (K g/m *s)

(3.14)
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Dynamic V iscoisty o f FLINaK
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Figure 3.5 Variation o f D ynam ic V iscosity of FLIN A K with temperature

3.11 Setting the under-relaxation factors for the solution
T he segregated solver uses under-relaxation to control the update of the computed
variables after each iteration. The solver initially has a set o f default under-relaxation
factors for all variables that are set to near optimal values for m ost cases. The calculations
were perform ed w ith the default under-relaxation factor for all param eters except the
temperature. Since the residuals o f energy started increasing the under relaxation factor
for energy was reduced from 1.0 to 0.8. Once the residuals started to stabilize it was then
increased to 0.9 w hich resulted in faster convergence.
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CHAPTER 4

VALIDATION
4.1 M esh dependency investigation
T he m ain objectives o f the mesh independence investigation:
1) V erification of the m esh correctness for the problem (3-D simulations of HTHX);
2) Exam ination o f the solution sensitivity from the mesh changes (refinement and
coarsening); and,
3) Selection of the optimal mesh for the problem calculations.
4.1.1 Calculation geom etry
O ne section o f the geom etry with an inlet and outlet at the 1st fin was chosen for the
investigations shown in Figure 4.1.

Figure 4.1. Geometry o f the calculation dom ain (solid part)
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4.1.2 Input param eters for the FLU EN T simulation

All of the input parameters were taken from the calculations of the whole heat
exchanger geometry (37 sections). Inlet and outlet parameters were used from 18''’
section of the whole geometry. The param eters were:
- inlet parameters
He side - U=16.978 m/s
T = 1145.67K
LS side - U=0.1692 m /s
T=1090 K
- outlet parameters:
He side - P=7.06 M Pa
LS side - P=0.1 M pa
4.1.3 M esh and calculations
Tw o different kinds o f m eshes were chosen:
1. M esh w ith thickening in the wall zones (which was used for the calculations).
2. U niform mesh.
4.1.4 M esh with thickening in the wall zones
Three mesh types w ere chosen for this investigation: (coarse mesh, normal m esh
and fine mesh). The coarse m esh contained 3540 nodes and 2508 hexahedral cells.
The normal mesh consisted o f 22419 nodes and 18392 hexahedral cells and the fine
mesh consisted of 73182 nodes and 69954 hexahedral cells. For the uniform m esh the
four mesh types were chosen for the investigations were: coarser mesh (12849 nodes,
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10080 hexahedral cells), coarse mesh (39661 nodes, 33480 hexahedral cells), normal
m esh (89665 nodes, 78720 hexahedral cells) and fine mesh (288049 nodes, 263520
hexahedral cells). The results obtained from the grid dependency analysis of the
different kinds of meshes are discussed below.
4.1.5 Results for the mesh w ith thickening in the wall zones
Figures 4.2 and 4.3, show the com parisons o f static pressure in the center o f the LS
and H e channels. It can be clearly seen that the mesh thickening on the wall zones does
not have any sort o f affect on the liquid salt side and about 5% of an effect on the helium
side.

100400
coarse m esh
normal m esh
fine m esh

100300
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100100
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0.015
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Figure 4.2. Static pressure distribution (LS part). Pa
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Figure 4.3. Static pressure distribution (He part), Pa

4.1.6 Results for the uniform mesh
The dependency studies o f the uniform mesh show ed that the normal mesh had more
consistent results in the static tem perature results than com pared to the fine mesh. B ut the
static pressure behavior was found to be independent o f the m esh type. The inconsistency
in the finer meshes m ay be because the volum es along the w alls are too small.

The

Figures 4.4 and 4.5 show the static pressure behavior along the center of the helium and
liquid salt channels o f the heat exchanger.
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T he conclusions from the investigations are:
a)

For the fine meshes the temperature behavior is not correct close to
the walls. The reason is very large mesh distortions in the wall zones.
The mesh volumes can be even negative; therefore, it is very
im portant to check the mesh before calculations and exclude the
abnormal (too tiny) volum es from the mesh structure

b)

Static pressure behavior is quite appropriate for each kind of mesh
(difference not m ore than 4%).

c)

Static tem perature behavior is better with a uniform mesh than
com pared with m esh that has thickened wall zones.

d)

Static tem perature behavior is quite appropriate for LS part but not
appropriate for Fie part (maximum difference is 20%). For the
uniform m esh the solution for the Fie part is more m esh independent
when com pared w ith a m esh that has thickening in the wall zones.
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4.2 V alidation of conjugate heat transfer model in FLUENT
In order to use the Conjugate H eat Transfer (CHT) option in FLUENT, the capability
of FLU EN T to accurately simulate CHT must be validated. One of the ways of validating
heat transfer results is to compare results with analytical solutions. For laminar flow the
N usselt numbers for flows through channels of basic shapes such as a circle, rectangle or
infinite width channels are known quantities.
4.2.1 Test 1
A counter-flow heat exchanger having tw o parallel channels o f a constant height and
an infinite width separated from each other by a solid m aterial was selected for Test 1.
The fluids moving opposite one another in these channels are He and LS. The heights of
the channels are identical to those o f the real offset strip fin H TH X (He: 2 mm, LS: 1
mm). The thickness o f the separating solid material is also identical to the real offset strip
fin H TH X design, i.e., 1 mm. F or the lam inar fully-developed flow the N usselt num ber is
a know n quantity and can be taken from K ays and London [8] for both the constant wall
tem perature (Nu=7.54) and constant wall heat flux (N u=8.235) boundary conditions.
Thus, the convective heat transfer coefficients can be calculated (He: h i= l5 9 3 W/m^-K,
LS: /i2=8400 W/m^-K).
It is possible to represent heat transfer from a hot fluid (H e) to a cold fluid (LS) using
an electric circuit analogy. The resistances to heat transfer can be placed into a netw ork
that would include in our case tw o convective and one conductive therm al resistances
(Incropera and D e W itt [25]). The convective therm al resistances become (He:
7/7î/=6.28T0 '*m^ KAV, LS: i/7i2=1.19T0 '^ m^-K/W). The conductive therm al resistance:
L /kL si= l-l0 ‘^ m^ KAV. The average tem perature on the He side is 1089.15 K, on the LS
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side - 1040.65 K. On the LS side if w e take these tem peratures as Too,; and Loo,2 , then the
w all surface tem peratures can be calculated (He: 7)^=1053.19 K, LS: 7, 2=1047.46 K). In
our numerical solution we would like to get identical wall surface temperatures.
Tw o periodic flows must be considered in order to get fully-developed conditions in
the channels. FLU EN T allows im posing only one pair o f periodic boundary conditions;
thus, this m ethod of reaching a fully-developed state in ELUENT is not applicable.
A nother w ay is to take a very long channel and im pose uniform temperature and velocity
at the inlet so that fully-developed conditions will be reached after a certain entrance
length. This is the approach that was selected. The length o f the channel could be
potentially taken as the length o f the actual HTHX, i.e. 0.9 m. But at the channel heights
o f 1 mm and 2 m m it w ould require a very lengthy dom ain and a great num ber o f nodal
points. A fully developed condition could also be reached on a shorter domain, say, equal
to 0.06 m. In the actual H TH X the tem perature w ould decrease by 184 °C per 0.45 m
length on the He side and increase b y 207.5 °C per the same length on the LS side. This
is equivalent to an increase o f 12 °C per 0.03 m on the H e side and a decrease by 14 °C
per the same length on the LS side. Thus the inlet tem peratures are taken as follows: He:
T;M=1101 K, LS: 7)»=1027 K. In the m iddle of the channels the num erical simulation must
give the desired wall surface tem peratures, 7 )j, 7),2- The com puted values had only a
small difference (7),y=1047 K, 7),2=1042 K vs A.;=1053.19 K, 7,2=1047.46 K obtained
analytically). The discrepancy is m ost likely due to a nonlinear fluid tem perature
variation along the He and LS channels. Even though the absolute values of 7 )j, 7,2 do
not match precisely the tem perature drop through the wall is quite close. It makes up
about 5 °C versus 5.73 °C from the analytical solution.
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4.2.2 Test 2
In Test 1 the analytical solution for 7).y, 7 ,-2 was derived based on the Nusselt number
for the constant heat flux boundary condition (Nu=S.235). To sec a difference from
selecting the Nusselt number for the constant temperature boundary condition (Nu=7.54)
the analytical solution was derived again and gave (7,.,y=1052.83 K, 7,2=1047.53 K). The
values differed only by about 1% to the values for the constant heat flux boundary
conditions, and the temperature drop through the wall makes up 5.3 °C; thus, the
num erical value o f 5 °C is correct.
4.2.3 Test 3
In Test 1 the netw ork of thermal resistances included only three thermal resistances,
with only one resistance (convection) on each fluid side. The energy equation that
FLU EN T solves num erically for each fluid side has both convective and conductive
term s, and the influence o f conductive term s on the surface wall temperature values could
also be significant. Therefore, in our analytical solution it w ould also be reasonable to
include the influence o f conduction from the fluid to the wall in order to see if this w ould
eliminate the previous discrepancy in the wall surface temperatures or if it would m ake
the discrepancy even larger. The conduction acts in parallel with convection; and
therefore, the therm al resistances in the fluid becom e sm aller due to additional heat
transfer paths by conduction. The analytical solution for the case o f constant heat flux
boundary conditions (Nu=8.235), which included in parallel conductive therm al
resistances on each fluid side, gave (7,,y=1054.2I K, 7^2=1047.29 K). These values had
only less than 1% variation to the values obtained in Test I thus; the influence o f
conduction through the fluid on the overall heat transfer can be neglected.
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4.2.4 T est 4
In this test the fluid flow on the LS side was not calculated. Instead, it was considered
that the material of the wall along the He channel is exposed to the “atmosphere” of LS
having bulk temperature 7oo,2 equal to the average temperature of the LS (7x,,2=1040.65
K) and a convective heat transfer coefficient /î 2=8400 W/m^-K, calculated based on the
N usselt num ber for a constant heat flux boundary condition (Nm2= 8.235). In FLUENT
this is associated with the convective boundary condition. The fluid flow in the channel
m ust reach a fully-developed state before the exit since the channel length is 450
hydraulic diameters. Likewise, it is expected that the thermal boundary layer also reaches
a fully-developed state before the exit. The obtained solution showed that the velocity
boundary layer reaches a fully-developed state in 0.1-0.2 meters (50-100 hydraulic
diam eters). This can be evidenced by a stabilized pressure gradient and an unchanging
shape o f the velocity profile. However, the shape o f the tem perature profile, as well as the
tem perature distribution within the solid m aterial does not reach a constant condition.
The difference in the wall temperature and axial fluid tem perature decreases from 82 °C
in the m iddle o f the channel to 30.5 °C at the end of the channel. The tem perature
gradient through the wall also keeps decreasing throughout the channel length w ithout
reaching a constant value. The exit tem perature on the external wall (7)_2=1042.7 K)
exposed to the LS “atmosphere” had only a 1% variation to the bulk tem perature o f the
LS (Too,2=1040.65 K). The exit tem perature on the internal wall adjacent to the He
(7)y=1044.5 K) and the exit bulk tem perature o f He (7x,,y=1063.5 K) can be easily
obtained from FLUENT. The exit heat transfer coefficient on the He side becom es
h]=900 W/m^ K, and the exit N usselt num ber {N ui= A .l) is almost two times less than the
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anticipated value o f A/m;=8.235 for a constant wall heat flux situation or N u ] = l.54 for a
constant wall temperature situation (Kays and London [8]). Such a low value of the
Nusselt number can be likely explained by an indirect influence of the large wall
thickness, which is only twice less than the lie channel height. Similarly to the previous
validation study the found values o f the bulk temperatures (7)oj=1063.5 K, 7oo,2=1040.65
K) and the heat transfer coefficients (/i;=900 W/m^-K, /i2=8400 W/m^ K) along with the
therm al conductivity of LSI (^ls/=10 W/m-K) could be used to find the wall surface
tem peratures, Tsj, 7^,2 (Incropera and De W itt [25]) analytically. The analytical values
were only about 1% different from the results o f FLUENT (7,_y=I044.4 K, 7) 2=1042.7 K
versus 7^^=1044.5 K, 7,2=1042.7 K found numerically). It can be concluded that
FLU EN T accurately handles the C H T conditions.
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4.3 V alidation of the periodic boundary conditions for future calculations
The investigations to check the validity of the use of periodic boundary conditions for
upper and lower walls were completed. The calculations were performed for one module
due to the constraints in computational time. The three geometries used were; original
geom etry (the ones used in previous numerical modeling), non-rounded geometry (Figure
4.7) and rounded geom etry (Figure 4.6). The calculated results for the original geom etry
and non-rounded geom etry should be the same and the com parisons should confirm the
correctness o f using periodic boundary conditions for upper and bottom walls.

Figure 4.6 G eom etry o f the one section (w ith fillets)
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2

Figure 4.7 Non-rounded geom etry (w ithout fillets)

All of the input param eters were taken from calculations o f the whole heat exchanger
geom etry (37 modules). Inlet and outlet param eters w ere used from 18* section o f the
whole geometry:
- inlet param eters
He side - U =16.978 m/s;
T = I 145.67 K;
LS side - U = 0.I692 m/s;
T = I0 9 0 K;
- outlet parameters:
He side - P=7.06 Mpa;
LS side - P=0.1 Mpa.
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T he results were compared with the middle axes of the LS and He channels. The plots
are shown in Figures 4.8 to 4.11.
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The plots of the static temperature and static pressure on the helium channel and
liquid salt channel showed non-similarity in the results when com pared to original
geom etry and the rounded geometries. But the temperature, velocity, and pressure
distributions are the same for original and non-rounded geometries; therefore, the
solutions are correct and the applied periodic boundary conditions predicted the results
reasonably well. Thus, with the updated boundary condition the m agnitude of the effect
o f the fillets on the num erical results were studied.
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CHAPTER 5

TW O -D IM ENSIO NA L NUM ERICAL CALCULATIONS
5.1 Tw o-dim ensional numerical simulations for the helium side
The concepts o f 2-D studies for fluid flow and heat transfer were only performed on
the helium side o f the baseline heat exchanger channel design. The same cannot be
applied to the m olten salt side due to a low ratio of the channel height to its width
(1:1.75), w hich shows that the neglecting o f the roof and the floor o f the channels would
produce only trivial results. The 2-D num erical simulations were perform ed only to get
some idea about the com plexity of the flow in these kinds o f heat exchanger channels.
The tw o approaches followed during the tw o-dim ensional studies are:
■

Sim ulation of fluid flow using the periodic boundary conditions (using one
m odule o f the helium channel)

■

Sim ulation o f the fluid flow and heat transfer for the full-length o f the helium
channel (37 modules)

The two-dim ensional numerical sim ulation for one periodic channel was performed
for the baseline channel dim ensions for the helium side provided in table 2.
5.1.1 Fluid-flow across a periodic m odule
A periodic m odule was used in order to solve for both the hydrodynamics and the
heat transfer with constant material properties. Periodic boundary conditions were used at
AH and D E (Figure 5.2) as the m odules repeat them selves in the flow direction and
symmetric boundary conditions were used at AB, CD, GH, and FE in the span wise
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directions. F or the heat transfer case constant wall temperature boundary conditions were
used along the fin walls BC and GF. The mass flow rate for the periodic module was
recalculated for the 2-D problem as 0.052 Kg/s and using this FLUENT is able to
calculate

the pressure gradient across one module. The Figure 5.1

shows the

com putational domain considered for this two-dim ensional numerical model.

He
inlet

He

r--------------^

A

B

outlet

C D

♦ —

I
I

%

%

H G

F
P e r io d ic m o d u l e

Figure 5.1 Computational dom ain considered in the periodic flow simulations

W hile generating the com putational m esh utm ost care was taken to capture the
boundary layers and the gradients along the channel walls as expected for these kinds of
channel flows. Figure 5.2 shows the com putational m esh that was used for both
approaches o f the two-dim ensional num erical simulations.
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Figure 5.2 Com putational mesh for the 2-D numerical simulations

T he summary o f the results obtained after the num erical simulations for the helium
channel with curved fin edges and the rectangular fin edges are given in Table 5.1:

Table 5.1 Results o f the 2-D C FD calculations for the baseline designs
VARAIBLE
Uave
(Average Velocity,
m/s)
Umax
(Maximum Velocity,
m/s)
AP
(Pressure Drop, kPa)
f
(Friction Factor)

RECTANGULAR FIN
EDGES

CURVED FIN EDGES

15.20

15.19

21.4

21.6

20.7

14.8

0.065

0.048

From the highlighted results it is quite clear that the pressure drop for the channels
with curved fin edges is about 30% sm aller when com pared to that o f the rectangular fin
edges. This noticeable increase in the pressure drop can be attributed to the presence o f
sharp constrictions in the rectangular fin edge channels (Figure 5.3); while the flow is
blocked smoothly in the case o f channels with curved fin edges (Figure 5.4).
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Figure 5.3 V elocity vectors and pressure contours for rounded fin edges channel

266.16

Figure 5.4 V elocity vectors and pressure contours fo r rectangular fin edge channel
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The literature review made it quite clear that even though the pressure drop across
each module is periodic, the temperature drop is not periodic. Proceeding further to
solving the energy equation the convective heat transfer boundary conditions were used
instead of the constant wall temperature boundary conditions for solving the energy
equation. The results which were obtained were different from the previous temperature
profiles. Also, the heat transfer coefficients along the fin walls were plotted and the plots
obtained w ere pretty consistent and the results were com pared by varying the dimensions
of the fins. The form ation of vortices at the trailing edge o f the fins were analyzed and
com pared using different cases o f Reynolds num bers and the stream line plots w ere made
for each case. Param etric studies with one module were used to investigate the influence
of the Reynolds num ber on the length o f the recirculation zone, i.e. “reattachm ent”
length. As the Reynolds num ber increased the reattachm ent length and the m agnitude of
the vortices increased which had a detrim ental effect in increasing the pressure drop
along the flow channel.
Similar studies were not perform ed for the liquid salt side because o f the low
Reynolds num ber flow occurring in the flow channel. Figures 5.5 show that the
reattachment length is significantly dependent on the Reynolds num ber, and such a big
influence occurs only at low er Reynolds num ber regim es. Interestingly, Patankar and
Prakash (1981) studied a sim ilar case and show ed that with their fin dim ensions, having
straight edges and lacking the longitudinal gap betw een fins, the influence was significant
throughout the w hole range o f Reynolds num bers. Their results gave an increase in the
reattachment length by approxim ately a factor o f tw o by going from Re=100 to Re=500.
The results o f the present study give a sim ilar doubling of the reattachm ent length by
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going fro m 0.8 mm at Re=100 to 1.6 mm at Re=500. W ith increasing the Reynolds
number, results of Patankar and Prakash give a continuous increase in the reattachment
length. W hile the numerical results of the present study showed that the increase slows
down at R c -5 0 0 . At Re=iOOO and Re=2500 the reattachment lengths arc 1.8 and 2.2 mm
respectively, which is an increase of only 12.5% and 22% with respect to the 1.6 mm
reattachm ent length at Re=500.

(b) Re= 500

(a) Re= 100

(c) Re= 1000

(d) Re= 2500

Figure 5.5 Stream line plots showing vortices at different Re values

Figures 5.6a and 5.6b show the variation o f the heat transfer coefficient on the surface
o f the second fin (along BC curve in Figure 5.2) for the cases with a fin length equal to
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10 m m , and a longitudinal gap between fins of 1 mm and 3 mm, respectively. The plots
show a similar behavior of the surface heat transfer coefficient h, where

(23)

h=
{ T .- T ,)

F o r both cases it is due to the flow velocities. The largest discrepancy between the
profiles is only 11%. The fin length average value of the convective heat transfer
coefficient makes up 3417 W / (m^ K) and 3367 W / (m^ K). The em pirical correlation of
M anglik and Bergles give the average value of convective heat transfer coefficient as
2894 W / (m^ K). The correlations do not account for the longitudinal gap between rows
of fins. The observed difference in the enhancem ent o f heat transfer is seemingly due to
the gap.
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Figure 5.6a. Surface heat transfer coefficient along fin wall (Gap = 1 mm)
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Figure 5.6b. Surface heat transfer coefficient along fin w all (Gap = 3 mm)

The flow was considered lam inar for all of the calculations. The highest Reynolds
num ber used in these com putations was slightly larger than 2000 which is in the
transition region. At these values o f R e the real flow is expected to be m ostly laminar;
although, it is possible that transition to turbulence may occur som ew hat at Re = 4000.
Also, the real flow m ay display instabilities and vortex-shedding from the trailing edges
of the plates.
In addition, a param etric study was conducted using the sim ilar boundary
conditions for the effect o f variation in the gap on the pum ping pow er, the length o f the
fins were kept constant at 10 mm. Figure 5.7 shows the plot o f pum ping pow er with
respect to variation in gap. It can be seen that the decrease in gap betw een the fins in flow
direction did reduce the length o f the recirculation zones but w ith an increased pum ping
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pow er requirem ent. In order to have negligible or less recirculation regions the fins need
to be off-set in such a way that there is no gap, but it is accom panied with an increase in
the pressure drop value; thus, affecting the overall heat exchanger performance.

2r
Curved fins
—— rectangular fins

^ 1 .5

%
5

I
I

0.5

0.5

1

1.5
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2.5

3.5

G a p (m m )

Figure 5.7. V ariation o f pum ping pow er with gap for periodic fluid flow with a
constant fin length

The num erical sim ulations were perform ed with both rectangular as well as curved
fin edges, and the pitch (length o f fin + gap length) in the flow direction was kept
constant at 12 mm. T he fin length and gap w ere varied accordingly in different
combinations. For the calculation o f pumping power, based on the pressure drop the
efficiency of the heat exchanger was assum ed to be 0.85. The plot in figure 5.8 shows the
variation in pumping pow er with gap for a constant pitch in the flow direction.
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Figure 5.8. V ariation of pum ping pow er with gap for periodic fluid flow with a
constant pitch

5.1.2 Fluid flow and heat transfer across full channel length o f helium side
N um erical sim ulation was perform ed for the 37 m odules o f the helium side heat
exchanger channel in order to study the hydrodynam ics and heat transfer for both
rectangular as well as curved fin edge cases. The inlet boundary condition had a velocity
value o f 16.97 m /s and at the pressure outlet boundary the gauge pressure was input as 7
M Pa. Constant w all tem peratures were specified for every fin wall, but the tem peratures
were different for each wall of the channel, such that the wall temperatures increase along
the channel length. Post processing o f results was done using TECPLOT. Constant
material properties w ere used for the numerical sim ulation with the laminar flow model.
Initially the num erical sim ulations were perform ed for the baseline helium channel
dimensions for both curved and rectangular fin edges. The computational dom ain
considered for the num erical simulations is as shown
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F igure 5.9 Computational domain considered for the flow across the full channel
length

The dotted line in Figure 5.9 shows the sym m etric com putational domain w hich was
used for the num erical simulations. A journal file generating code was written using
PASCAL, w hich creates the journal file that can be run in GAM BIT. This generates the
2-D com putational dom ain for the 37 m odules o f the heat exchanger and the m esh file
was created with about 40,000 nodes using the same concept as the one used in the
previous approach for hydrodynamic and heat transfer simulations. Normal velocity inlet
and pressure outlet boundary conditions were used at the entrance and exit, respectively.
The boundary conditions at the fins w ere no-slip and constant wall tem perature
conditions, but the fin temperatures w ere varying along the flow direction. N um erical
computations were perform ed for both rectangular and curved fin edges; w hile varying
other geometrical parameters. Figure 5.10 below shows the velocity and tem perature
contour of the helium channel for the baseline case, while Figures 5.11 and 5.12 show the
pressure and tem perature drop, respectively across the helium channel.
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Figure 5.10. V elocity and Tem perature contours for the baseline case w ith curved fin
channels
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Figure 5.12. Plot for Tem perature drop across 37 m odule heat exchanger channel

Table 5.2 shows the com parison between the two baseline designs of heat exchanger
channels under study. It can be clearly observed that the overall performance of the
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curved fin edge channels is better than that o f the rectangular fin edged channels. Similar
therm al capacity is obtained for a much sm aller pressure drop value.

Table 5.2 Summary of the 2-D simulation results for the helium side performance

Properties

Curved fin edges

Rectangular fin edges

Inlet Velocity (m/s)

16.9786

16.9786

Outlet Velocity (m/s)

16.71

16.71

Inlet Temperature (K)

1273.15

1273.15

Outlet Temperature (K)

946

952

Pressure Drop (kPa)

10.39

12.25

Thermal Power (MW)

44.4

43.6

Friction factor /

0.015

0.018

T he study o f variation o f pum ping pow er w ith respect to the variation o f the gap in
the flow direction was studied with the help o f num erical simulations. The results
obtained from the tw o different approaches, nam ely the full channel simulations and the
periodic fluid flow calculations are shown in Figure 5.13. The num erical simulations
were perform ed w ith both rectangular as w ell as the curved fin edges and the pitch
(length of fin + gap) in the flow direction w ere kept constant at 12 mm. The fin length
and gap were varied accordingly. The efficiency o f the heat exchanger was assumed to be
0.85 for the calculation of pumping pow er based on the pressure drop. It was observed
that the pumping pow er required increased as the gap was decreased, and the variation in
pum ping power w ith respect to the gap was m ore significant for the rectangular fins.
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Figure 5.13. Variation o f pum ping pow er w ith gap for full channel num erical
sim ulation with a constant pitch
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Figure 5.14. Variation o f therm al pow er with gap for full length channel num erical
sim ulation with a constant pitch

72

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

F rom Figure 5.14 it can be observed that the variation in the gap-length did not show
a considerable influence on heat transfer as was the case on the fluid flow. From Figures
5.13 and 5.14 it is evident from the 2-D point of view that the overall performance of the
helium side heat exchanger channel was better when curved fin edges were used. This
can be attributed to the fact that the flow area is almost kept constant thus resulting in a
reduced pressure drop when com pared to that of rectangular fin edges.
From the results o f the tw o-dim ensional numerical simulations it can be concluded
that the use o f the em pirical correlations in calculations for this type o f heat exchanger
geom etry needs to be done only if the correlations are m odified further to include these
effects. H ence, only a three-dim ensional study would provide a better idea about the
validation o f the analytical correlations. The next chapter would explain in detail about
the three-dim ensional analysis carried out for the fluid flow and heat transfer for both
fluids.
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CTIAPTER 6

TH REE-D IM EN SIO N AL N U M ERICA L M ODELING
6.1 Three-dim ensional num erical modeling o f the baseline heat exchanger designs
A 3-D CFD m odel o f the com pact high tem perature heat exchanger (HTHX) design,
based on the baseline dim ensions, with both curved and rectangular fin edges was
performed. In ceram ic heat exchangers the fins can easily be shaped. B y shaping the fin
edges the hydrodynam ic resistance to the fluid flow through the m icro channels is
expected to be significantly lowered, leading to a better perform ance o f H TH X in terms
o f required pum ping power. Pressure losses associated w ith the heat exchanger are
usually due to tw o sources: (1) friction along the wall, and (2) contractions and
expansions o f the flow area. The first source o f pressure loss also represents a source o f
heat transfer augm entation from a fluid to a (rough) wall. The second source o f pressure
loss does not lead to heat transfer enhancem ent in HTHX; therefore, it could be reduced
to an acceptable extent or eliminated. One o f the possible shapes o f the fin edges is a
round shape. I f properly designed, the heat exchanger with rounded fin edges would
maintain the equal flow area throughout the entire m icro channel; thus, m inim izing
pressure losses leaving only those that are caused entirely by friction.
Being theoretically sound the designs o f heat exchangers with rounded edges are the
most difficult to handle when it com es to the estim ation o f their perform ance. Available
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in the open literature are empirical correlations for offset fin heat exchangers, which are
based on designs o f strip fins made of metal materials that naturally have straight edges.
W ithout accom plishing physical experiments on heat exchanger designs with rounded
edges som e m easures could potentially be taken to fit the existing correlations to the
rounded fin shapes. However, the validity of the introduced corrections can be estimated
num erically (if no physical experiments are planned in the future).

The three-

dim ensional num erical simulations were perform ed initially with the constant physical
properties model due to the length o f com putational time expected. For the helium side
with the baseline hydraulic diam eter and velocity the flow was around the transition
region (Re = 2430), and was sim ulated using both lam inar and turbulence models. W hen
the turbulent m odel was used the turbulence model chosen is the standard k-ty model
with the transitional flow option.
The inlet Reynolds numbers for the helium and liquid salt were calculated as 2282
and 75, respectively while the Reynolds num bers at the outlet were calculated as 2873
and 281 for helium and liquid salt respectively. The Reynolds num bers at the outlet was
calculated by judging the m axim um possible outlet tem peratures for the helium and
molten salts as 885 K and 1200 K, respectively. It can be said that the outlet temperatures
are judged not to go below the above specified values in w orst case scenarios. The above
test calculations were performed to decide w hether the flow regim es are going to
oscillate, but it is expected that the helium side is going to be in the transitional region
while the liquid salt is going to stay laminar.
The FLUENT software package that num erically solves fluid flow and heat transfer
equations in the com plex geom etry o f the considered heat exchanger design requires a

75

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

m esh file to operate. This file is generated by a com panion software package Gambit. The
journal file for GAM BIT was generated using an in-house code JFGEN3D. The code is
capable o f generating an input file for GAM BIT for any desired fin/channel dimensions
and any num ber of periodic modules. A lso the fin edges can be chosen to have either
rectangular or curved geometry.
If the graphical performance of the com puter does not allow the generated graphics
to be visualized in GAM BIT, then the results could be visualized using Tecplot, a
graphical post processing software package. The Figures 6.1 and 6.2 shows the mesh
generated fo r the helium and liquid salt sides for the CFD m odeling using GAMBIT.

Figure 6.1 H elium channel mesh
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Figure 6.2 Liquid salt channel mesh
The inlet temperature, the exit pressure, and inlet velocity, based on the mass flow
rate were used as boundary conditions, as explained in the previous chapter. Symmetric
boundary conditions were used in the span w ise direction o f the flow channels and along
the channel height, due to the sym m etrical nature o f the heat exchanger geometry. At the
symmetric planes the heat flux is assum ed to be zero, and the normal velocity com ponent
at the symmetry plane is also zero; therefore, no convective flux across the symmetry
plane occurs. Thus, the tem perature gradients and tangential com ponents of the velocity
gradients in the normal direction are set to zero.

Conjugate heat transfer, which includes

conduction through the material and convection through the fluids, w as used in order to
solve the energy equation. N o other therm al boundary conditions w ere required for the
problem since the solver will calculate heat transfer directly from the solution in the
adjacent cells.
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6.1.1 N um erical sim ulations with lam inar model
T he three-dim ensional num erical simulations for the baseline heat exchanger designs
were first performed with the incompressible and laminar flow model. The fluid and
therm al boundary conditions were used as discussed in the previous chapters. Tables 6.1
and 6.2 provide the summary o f the com parison for the CFD results between the curved
and rectangular fin edged channels for both helium and liquid salt sides, respectively.

T able 6.1. Num erical solution results for the helium channel for the tw o baseline
geom etries with incom pressible lam inar model
Variable

Curved Fin edge

Rectangular fin edge

Channel

Channel

Friction Factor (f)

0.024

0.027

Therm al Capacity (M W )

51.2

51.2

Table 6.2. N um erical solution results for the liquid salt channel for the tw o baseline
geometries
Variable

Curved Fin edge

Rectangular fin edge

Channel

Channel

Friction Factor (f)

0.105

0 .II 5

Thermal Capacity (M W )

51.9

52

It can be observed from the above results that the curved and the rectangular fin
channels provide the same therm al capacity. B ut the curved fin channels provide the
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thermal capacity at low er pressure drop, as seen from the friction factor values of both
fluid channels. The difference predicted by the CFD calculations with the lam inar model
is about 12% for the helium channel and 9% for the liquid salt channel between the
curved and the rectangular fin channels. Thus, the preliminary CFD investigations show
that the curved fin channels provide a better overall performance, due to the channel
blockages being sm oother than the rectangular fin edge channels.
Since the physical properties may vary with respect to temperature, due to the large
tem perature difference in the channel, the incorporation o f the temperature physical
property model was done to the num erical model discussed above. This study was done
to ensure the correct choice between the constant and tem perature dependent physical
property model during the three-dimensional turbulent num erical simulations. The
temperature dependent model discussed in the C hapter 3 was used to perform the
numerical simulations and Tables 6.3 and 6.4 sum m arize the results obtained.

Table 6.3. N um erical solution results for the helium channel for the tw o baseline
geometries with tem perature dependent physical properties
Variable

Curved Fin edge

Rectangular fin edge

Channel

Channel

Friction Factor (f)

0.024

0.027

Thermal Capacity (M W )

51.5

51.5
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Table 6.4. Numerical solution results for the liquid salt channel fo r the two baseline
geom etries with temperature dependent physical properties
Variable

Curved Fin edge

Rectangular fin edge

Channel

Channel

Friction Factor (f)

0.115

0.125

Therm al Capacity (MW)

50/3

50.3

The results o f the num erical simulations w ith variable physical properties showed the
com parison betw een the curved and rectangular fin edge channels for both the fluids
sim ilar to the previous num erical model. The therm al pow ers o f both fluids were sim ilar
for both geom etries, and the frictions factor for the helium and liquid salts varied by 12%
and 8% betw een the curved and the rectangular fin edges, respectively. The percent
variations in the numbers were similar to the ones that were calculated for the constant
physical property model. The numerical solution results that were obtained with the tw o
physical property models are com pared in the Tables 6.5 and 6.6.
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Table 6.5.

Heat Exchanger Overall Performance from numerical calculations for

rectangular fin edge case

Property

H elium side
pressure drop

Constant
m aterial
properties

Variable
material
properties

Difference

18.7

18.6

0J%

8.5

9.3

9%

50.8

50.9

0.2%

(k P a )
L iquid Salt side
pressure drop
(kPa)
O verall Therm al
P ow er (M W )

Table 6.6. H eat Exchanger Overall Perform ance from numerical Calculations for
Curved Fin Edge Case

Property

H elium side
pressure drop
(k P a )
M olten Salt side
pressure drop
(kPa)
Overall Therm al
Power (MW)

Constant
material
properties

Variable
material
properties

16.7

16.7

0%

7.8

8.6

10%

50.8

50.9

0.2%

Difference
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T he results of the num erical simulations with temperature dependent physical
properties w ere com pared (Tables 6.5 and 6.6) to similar num erical simulations in the
lam inar flow with constant material properties. It was found that the influence of
tem perature dependent physical properties did not affect the flow and heat transfer for the
helium side for both rectangular and curved fin edge heat exchanger channels. But the
tem perature dependent physical properties did affect the pressure drop for the molten salt
side by about 9% for both rectangular and curved fin edge heat exchanger channels.
Since the influence of tem perature dependent physical properties is less than 10%, it can
be neglected. Due to the lim itations in the com puter resources, it w as decided to use
constant material properties during the num erical simulations w ith turbulence model. The
tem perature dependent physical properties had some effect on the m olten-salt channel
flow, but its affect on the overall perform ance was found to be insignificant. The effect of
tem perature dependent physical properties can be neglected taking into consideration the
am ount o f com putational tim e it w ould take for a num erical m odel com prised of
tem perature dependent physical properties and turbulence to converge.
6.1.2 Numerical simulations with turbulence m odeling
A fter some literature review and some initial study about the capabilities of the
different turbulence m odels for the num erical simulations for both cases o f heat
exchanger geometry it was decided to use the K-omega turbulence model. It has the
capability to capture eddies, vortices, and other flow physics in the transition region,
which are expected in the heat exchanger flow channels. The helium side was simulated
as turbulent flow, while the liquid salt side w as specified as a lam inar zone. For the
present case since the helium channel flow is expected to be in the low er transition
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region; thus, the turbulence intensity was specified as 1%. The other boundary
conditions, heat transfer model were the same as the ones that were used for the previous
num erical simulations of the baseline heat exchanger designs. Theoretically, only the
results which are based on turbulence modeling are the ones which are near to the actual
scenario, while the lam inar ones are published only for prelim inary studies and
com parison purposes.
The Tables 6.7 and 6.8 provide a summary of the com parison for the CFD results
between the curved and rectangular fin edged channels for helium and liquid salt
channels, respectively.

Table 6.7. N um erical solution results for the helium channel for the two baseline
geometries
Variable

Curved Fin edge

Rectangular fin edge

Channel

Channel

Friction Factor (f)

0.024

0.033

Thermal Capacity (M W )

51.2

51.8

Table 6.8 Num erical solution results for the liquid salt channel for the two baseline
geometries
Variable

Curved Fin edge
Channel

Rectangular fin edge
Channel

Friction Factor (f)

0.105

0.115

Thermal Capacity (M W )

50.5

50.9
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Sim ilar to the results of the laminar models the model here also predicted that the
shape of the fins to have more effect on the fluid flow than the heat transfer. The only
change in the percentage variations in the pressure drop results of the two fluids was for
the 28% difference between the helium side pressure drops for the two channel
configurations, while the lam inar model projected a difference of about 12%, despite the
friction factor values of the curved fin edges rem ained the same.
6.1.3 C om parison between the lam inar and turbulence m odeling results
The results obtained from the two different num erical models are com pared to see the
effects o f the turbulence on the baseline design calculations. The comparisons are
sum m arized in Tables 6.9 and 6.10.

Table 6.9. H eat Exchanger Overall Perform ance com parison between the laminar and
turbulence num erical m odels Calculations for Curved Fin Edge Case

Property
H elium side
pressure drop

Lam inar
Model

Turbulence
M odel

Difference

16.7

16.9

1.2%

7.8

7.8

N/A

50.8

50.9

0.2%

(k P a )
Liquid Salt
side pressure
drop (kPa)
Therm al
Pow er (MW)
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Table 6.10. Heat Exchanger Overall Performance comparison between the laminar
and turbulent numerical models Calculations for Rectangular Fin Edge Case

Property
H elium side
pressure drop
(k P a )
Liquid Salt
side pressure
drop (kPa)
Therm al
Pow er (M W )

Lam inar
Model

Turbulence
Model

Difference

18.7

23

23%

8.5

8.5

N/A

50.8

51.4

1.2%

It can be observed that the effects o f turbulence were m ore pronounced on the helium
channel with rectangular fin edges. There w as a 23% difference in the pressure drop
results for the rectangular fin channels, w hile there was only a 1% difference in the
pressure drop results for the helium channel w ith curved fin edges. There w as not much
o f an effect on the overall therm al perform ance o f the either type of heat exchanger
channels; and there w as a 1% difference in the therm al performance between the straight
and curved fin edge cases. This again reiterated that the curved fin edge channels are the
better o f the two, considering the overall perform ance and pum ping power requirem ents.
In general it can be concluded that the effect o f turbulence was more felt on the helium
channel with rectangular fin edges, which can be attributed to the fact that the flow
constrictions in the rectangular fin edge channels induce more disturbances and increase
the complexity o f the flow. For the curved fin edge the flow despite being com plex, the
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flow around the fins in the trailing edges and the leading edges keep it very smooth, due
to the sm oother profile of the fin edges in the channel. So in all future numerical
sim ulations it was decided to use the turbulent model for the helium channel when the
Reynolds num ber of the flow is greater than 2000.

6.2 D esign including m anufacturing geom etrical effects (MGE)
The m ain purpose of this investigation is to update the design to include
m anufacturing geom etrical effects on the heat exchanger baseline design w ith curved fin
edge channels. As its clear that by the m ethod o f fabrication o f these type o f heat
exchanger channels the ceramic materials w ould result in fillets present in the flow area
as shown in Figure 6.3. The studies were conducted only for both lam inar and turbulent
flow cases for the helium side with constant m aterial properties.
The other physical properties of m aterial rem ained the same, except periodic
boundary conditions w ere used instead o f sym m etry boundary conditions on the top and
bottom surfaces, since the geom etry is no longer symmetric. The investigations in
Chapter 4 proved the validity o f the use o f periodic boundary conditions for upper and
lower walls.
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X

Figure 6.3 G eom etry o f the one section (with fillets)

As a prelim inary investigation the num erical simulations were perform ed for the
helium flow channel w ith the lam inar m odel. Tables 6.11 and 6.12 summarize the results
of the num erical simulations, for the helium and liquid salt channels, respectively using
the lam inar model.

Table 6.11. Comparison o f numerical solution results for the He side for lam inar model
Property

W ithout fillets

W ith fillets

Difference

Pressure drop
(kPa)
Therm al pow er
(MW)

16.74

17.32

+3.5 %

51.2

51.8

+1.2 %
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Table 6.12. Comparison of the num erical solution results for the LS side

Property

W ithout fillets

W ith fillets

Difference

Pressure drop
(kPa)
Therm al pow er
(M W )

7jW

&47

-17.47 %

50.8

+0.94 %

50.4

The influence o f the fillets is very strong for pressure drop on liquid salt side,
show ing about a 17% effect. The fillets are is alm ost negligible for other param eters, such
as: the helium side pressure drops and the therm al capacity of the channels. The reason
for the pressure drop difference on the LS side is that for geom etry w ith fillets the surface
is sm oother, as com pared with geom etry w ithout fillets.
The investigation of the effect o f the fillets was perform ed further with the
turbulence m odel for the helium channel flow. The summary of the investigations are
shown in Tables 6.13 and 6.14.

Table 6.13. Numerical solution results com parison for He side (turbulent case)
Property
Pressure drop
(kPa)
Thermal power
(M W )

W ithout
fillets
16.87

W ith fillets

Difference

21.21

+25.73 %

50.2

51.5

+2.6 %
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T able 6.14. Numerical solution results comparison for LS side (turbulent case)
Property
Pressure drop
(kPa)
Therm al power
(MW)

W ithout
fillets
7.84

W ith fillets

Difference

637

-17.47 %

503

51.4

+2.07 %

F or the turbulent case the influence of the fillets is very strong for the pressure drop
on the LS side (17%) and He side (26%). But the influence is alm ost negligible (less than
3%) fo r th e thermal perform ance. Since the fillets have a large influence on the pressure
drop and are negligible for tem perature distribution in the turbulence model, it could be
interesting to include the geom etrical effects to the calculated model.

6.3 A nalytical calculations
The analytical calculations were based upon the M anglik and Bergles (1995)
correlations for both laminar, transition, and turbulent regim es. Som e lim itations in using
their correlations w ere that their offset strip-fin geom etry had rectangular fin edges and
no pitch in the flow direction.

W hereas in the presented case the fin edges have a

curvature at the fin tips and there is some pitch given in the flow direction, in order to
keep the flow area constant. In addition to the above stated differences the flow area for
the design used to derive the em pirical correlations also had som e interruptions, like steps
due to the method o f m anufacture. W hereas in our case there are no steps on the floor of
the flow channel as shown in Figure 6.4. The values of the pressure drop and heat transfer
coefficient for the helium side w ere calculated analytically. A lso another constraint in
using these empirical equations w ere that the prandtl num ber o f the fluid needs to be in
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the range o f 0.6-0.9, in the present case both working fluid fall w ithin that range. The use
of such em pirical correlations needs to be validated in order to predict the accurate values
of heat transfer and pressure drop for this type of heat exchanger geometry; thus, it was
decided to perform two-dim ensional CFD analysis for analyzing the effect of the
different channel geom etries. The initial sensibility study based on the analytical
calculations showed that the geometrical parameters had a large effect on the fanning
friction f a c t o r / b u t less o f a effect on the colbum factor j. Thus, it was decided that
perform ing the sim ulations for flow dynamics alone w ould be enough in analyzing the
effects o f the fin-channel geom etry on the overall perform ance o f the heat exchanger.

P x h - th

height h

Figure 6.4 Cross section o f the channel geom etries considered in the analytical
correlations

fh = 9 . 6 2 4 3 a / “ *

(6.1)

Q1
h =

(6 .2)
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W here the non-dim ensional param eters such as a , P , ô o x t defined as follows with h
in th e s u f f i x

denoting

the h e l i u m side.

(6.3)

(6.4)
^yh

(6-5)
Pxh ~ h
height^ ________
I + height^-

(6.6)

I ..,.

—— -

Pxh -Pyh - h ' h

R e,

(6.7)
^He

The analytical calculations were perform ed based on the above em pirical correlations
and the results w ere as follows for the friction factor was / = 0.035. Theoretically, the
em pirical correlations are for a heat exchanger channel with rectangular fin geometry;
hence, the results o f the friction factor w ill be com pared to those o f the rectangular fin
edge channels only.

6.4 Numerical sim ulation o f the offset strip fin eat exchanger with no-gap in flow
direction (Px=l)
The simulations were perform ed for the num erical simulations for the rectangular and
curved fin heat exchanger channel with no gap in the flow direction. This is a much
closer approximation o f the traditional type o f offset strip-fin heat exchanger for which
the present em pirical correlations were derived. This would enable a check o f the validity
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of the em pirical correlations, which have been derived for an offset strip fin channel
design m uch closer to this design. The num erical m odeling studies were performed for
both rectangular and curved fin edge heat exchanger channels and the results were
com pared to the analytical calculations for the helium and the liquid salt channels.

Table 6.15. Sum m ary of the com parison between three-dimensional numerical and
analytical calculation for rectangular fin edge helium channel

Properties

N um erical

Analytical

Pressure D rop (kpa)
Friction f a c to r /
Therm al Pow er (MW)

45.6
0.058
52

32.3
0.041
50

Table 6.16. Sum m ary o f the com parison betw een three-dimensional num erical and
analytical calculation for curved fin edge helium channel

Properties

N um erical

Analytical

Pressure D rop (kpa)
Friction f a c to r /
Thermal Pow er (MW)

26.8
0.034
51.4

32.3
0.041
50

Table 6.17. Sum m ary o f the com parison betw een three-dimensional num erical and
analytical calculation for rectangular fin edge liquid salt channel

Properties

N um erical

Analytical

Pressure D rop (kpa)
Friction factor/
Thermal Pow er (MW)

43.4
0.527
51.1

8.8
0.107
50
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T able 6.18. Sum m ary o f the com parison between three-dim ensional num erical and
analytical calculation for curved fin edge liquid salt channel

Properties

Numerical

Analytical

Pressure Drop (kpa)
Friction factor/
Therm al Power (MW)

12.6
0.154
50.7

8.8
0.107
50

Tables 6.15 - 6.18 summarize the results for the com parison of the CFD and
analytical calculations. It was observed that the helium side (Pr = 0.66) and liquid salt
side (Pr = 0.89) are in the valid range o f Prandtl numbers for w hich the analytical
correlations can be used. Hence, an attempt has been made to check the validity o f the
analytical correlations over this slightly close offset strip fin channel heat exchanger
design. In general it could be said that there was a large discrepancy for both the fluids
when the results of the analytical calculations w ere com pared to the CFD results for both
rectangular and curved fin edge cases. The reasons o f the variations in the results for both
cases can be attributed to several reasons. From Tables 6.15 and 6.16 it can be observed
that the friction factor for the helium channel with rectangular and curved fm edge
varying by 30% and 17% from the analytical calculations. W hile the form er had its value
predicted higher than the analytical results and the latter had its value low er than the
analytical results. The 17% difference between the analytical calculations and the CFD
results of curved fin edge helium channel can be explained due to the difference in the
profile of the fin edges. But the 30% difference between the analytical calculations and
the CFD results of the rectangular fin edge helium channel seem s a bit too large. It can
only be attributed to the fact that fo r the heat exchanger experim ents from which the
correlations have been derived had som e steps on the flow area (the top and bottom of the
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flow channels). Also, the fin thickness-length, thickness-pitch, and pitch-height ratios that
w ere used fo r the test apparatuses in the derivation of the analytical correlations did not
m atch this heat exchanger channel geometry, and may have attributed to some of the
affect on the results. But these effects com pounded with the differences in the shape of
the fins attribute for the 17% difference. W hen numerical calculations predicted the
friction factor values low er than the analytical calculations for the curved fin edges.
W hen the com parisons between the CFD and analytical calculations for the liquid salt
w ere m ade, shown in Tables 6.17 and 6.18, it can be seen that the friction factor values
predicted by the num erical calculations w ere unlike the helium channel, and they were
consistently larger than the analytical calculations. There was an 80% and 30% difference
between the num erical and analytical calculations for the liquid salt channels with
rectangular and curved fin edges, respectively. But sim ilar to the helium channel the
difference between the curved fin edge channel friction factors results were much closer
to the analytical calculation results than the rectangular fin edge channel values. Inspite
o f an evident difference in the profile o f the fin edges for both helium and liquid salt
sides in the curved fin edge channels predicted values o f friction factor w ere much closer
to that of the analytical calculations, and leads to the question o f the validity o f the
analytical correlations to be used fo r this kind of heat exchanger geometry. Even being
closer to the cores used in derivations than the baseline designs considered (with gap in
flow direction).
Hence, only experim ents or num erical simulations for the heat exchanger design
matching the dim ensions o f the offset strip fin cores used in the derivation o f the
empirical correlations will provide the best w ay forward.
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CHAPTER 7

OPTM IZATION STUDIES
A fter the three dim ensional num erical model validated and established the parametric
studies were perform ed to make some design im provements. The optimization studies
w ere perform ed to take into account the effect that every geom etrical param eter involved
in the heat exchanger design has on the overall perform ance o f the heat exchanger. In
other w ords, to arrive at the optim al geometrical param eters that will give the best trade
off betw een the required pum ping pow er and the obtainable therm al pow er obtained. The
baseline design results obtained for the curved and rectangular fin edge heat exchanger
channels have already proved that the curved fin channel provides a better overall
performance. H owever, it was still decided to perform this study for both channel
geometries. The main strategy that has been follow ed is that if a particular param eter is
changed the values o f other param eters remain unaltered; therefore, the variation in the
results can be attributed to the change in that param eter. The baseline design param eters
are kept as the reference values, and the values o f the changed param eters are more than
or less than the baseline param eter values. The studies were also perform ed in such a
w ay that for all designs the overall dim ensions such as the length, width, and the height
are almost the same. The suitable numerical m odel (lam inar or turbulence) was chosen
after a calculation of the Reynolds num ber for the helium side was performed.

95

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

7.1 E ffect o f the Overall Length on com putational time
H ow ever, these studies involve a significant amount of computational time.
T herefore, an investigation into reducing the com putational time was made while
retaining results that can be com pared on an equal scale. The results of this investigation
revealed that the time step for each iteration could be reduced by 50%, if Fluent is ran
through a parallel processor. Also, the time step per iteration could be reduced further by
solving the flow and turbulence equations first and then solving the energy equation. By
solving the flow and turbulence equations separately the tim e to reach a converged
solution could be reduced by approxim ately three days. H ow ever, there is a num erical
difference associated w ith the energy equation w hen solving the flow and turbulence
equations apart from the energy equation. This m eans that the results from the energy
equation are 1.2% larger than the benchm ark case.
Studies on m aking the HTHX shorter, for optim ization reasons, was also investigated.
The tw o different sizes chosen were 18 modules and 9 modules long. This translates into
two heat exchangers that are Vï and Va the length o f the benchm ark case, respectively.
Both cases converged in 80,000 iterations, or in h alf the num ber o f iterations it took for a
37 module heat exchanger.

Also, it took both cases only 4 days to converge, or

approximately Va o f the tim e it takes to run the current 37 m odule heat exchanger. The
results from this study are shown in the table below, but it should be noted that only the
pressure drop values can be scaled.
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Table 7.1. Numerical solution results for the two baseline geometries
Scaled A P
(kPa)

A P (kP a)

Baseline
18
Module
9
Module

LMTD
(K)

Thermal Power
(MW)

Helium

Flinak

Helium

Flinak

Helium

Fl i n a k

23

8.5

23

8.5

34

51

51

11

4.2

22

8.4

63

48

48

5.6

2.1

22

8.4

110

42

42

From the above results it is quite clear that the pressure drops can be scaled up or
scaled dow n from the baseline design depending on the num ber o f modules. The therm al
pow er results from Figure 7.1 show that they becom e asymptotic after about the 18*
module o f the heat exchanger. In other words the last few modules o f the baseline design
play very a small role on the therm al performance. So for the param etric studies it was
decided to m aintain the overall length o f the heat exchanger at 0.44 m, and the change in
the geom etrical param eters w ill be accom m odated in such a way that the results can be
compared w ithout any anomaly.
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Heat Exchanger Length vs. Thermal Power
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Figure 7.1. H eat exchanger length vs Overall thermal pow er

7.2 Effect o f fin thickness param eter (f)
The fin thickness studies involved increasing and decreasing the fin thicknesses
(Figure 7.2) on the helium and liquid salt channels. On the helium side the fin thickness
was increased from 0.75 m m to 1.05 mm and decreased to 0.45 mm. The fin thickness on
the helium side could not be studied for any value sm aller than 0.45 mm, due to
manufacturing restrictions. The fin thickness on the liquid salt side was increased from
1.25mm to 1.40mm and decreased to 0.95mm. N one of the changes in fin thickness had a
significant effect on the therm al power in the helium and liquid salt channels shown in,
Figures 7.3 and 7.4 respectively. The variations in the therm al pow er values were only
about 3% for the helium side and almost negligible for the liquid salt sides.
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Figure 1 2 . H eat exchanger m odule showing the thickness param eter under study
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Figure 7.3. Fin thickness vs Therm al power for helium channel
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Figure 7.4. Fin thickness vs Thermal pow er for liquid salt channel

H ow ever, this was not the case fo r the pressure drop values.

For the helium and

liquid salt channels an increase in fin thickness caused an increased pressure drop, and a
decrease in fin thickness caused the pressure drop to decrease shown in. Figures 7.5 and
7.6 respectively. It should also be noted that the helium channel was the most sensitive to
change, especially in term s o f pressure drop where there was a 30% effect on the pressure
drop. The effect was about 25% for the liquid salt side in m ost cases.
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Figure 7.5. Fin thickness vs Pressure drop for helium channel
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Figure 7.6. Fin thickness vs Pressure drop fo r liquid salt channel
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7.3 E ffect o f channel height (h)
The optim ization studies for the channel height param eter shown in Figure 7.7 were
perform ed by decreasing the channel height on the helium side from 2.0 mm to 1.0 mm
and 0.5 m m , and then increasing the channel height up to 4.0 mm, in steps of 1.0mm. On
the liquid salt side the channel height was decreased form 1.0 m m to 0.5 mm, and then
increased up to 4.0 mm, in steps o f 1.0 mm

Figure 7.7 H eat exchanger m odule showing the fin height param eter under study

These param etric changes show ed considerable effect on the helium side. Decreasing
the channel height on the helium side increased the therm al power, and increasing the
channel height on the helium side decreased the thermal pow er shown in, Figure 7.8.
W hen the channel heights w ere varied from 1.0 m m to 0.5 mm the thermal power
increased by about 6% for both helium channel geometries. B ut when the channel heights
were increased from 1.0 m m to 4.0 mm, in steps o f 1.0 mm, the thermal power degraded
by about 7% for each 1.0 m m increase. However, it can be seen that the thermal pow er on
the liquid salt side was not affected by either an increase or decrease in channel height.
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Figure 7.8. Channel height vs therm al pow er both channels

Changes in the channel heights did have a significant im pact on pressure drop values
for both channels.

A decrease in channel height on the liquid salt side, to 0.5 mm,

increased the pressure drop by a large margin, and an increase in channel height
significantly low ered the pressure drop shown in. Figure 7.9. Also, the pressure drop
behavior caused by increasing and decreasing the channels heights on the helium side
was the same as the liquid salt side, but the effects were more or less showing the same
trend and producing a considerable difference.
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Figure 7.9. Channel height vs Pressure drop for both channels

7.4 Effect o f pitch in x-direction (Px)
The studies for the pitch in the x-direction shown in, Figure 7.10 were performed by
decreasing the helium and liquid salt channels x-direction pitch from 3.0 m m to 2.75 mm,
the greatest possible decrease due to lim itations in the mesh generating capabilities.
Also, the pitch in the x-direction for the helium and liquid salt channels was increased up
to 6.0 mm, in steps o f 1.0 mm.
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Figure 7.10. H eat exchanger m odule showing the pitch in x-direction param eter
under study

T he therm al pow er for both channels increased by only about 1% with the decrease in
x-direction pitch as in Figure 7.11; however, the thermal pow er for both channels started
to degrade by about 3-4% with an increase in pitch in the x-direction.
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Figure 7.11. X-direction pitch vs Therm al pow er for both channels
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R esults from these param etric studies shown in Figure 7.12, showed that a decrease in
the x-direction pitch raised the pressure drop in the helium and liquid salt channels by
about 15%, and an increase in pitch in the x-direction decreased the pressure drop by
about 30% in the helium and liquid salt channels.
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Figure 7.12. X -direction pitch vs Pressure drop for both the channels

7.5 Effect o f gap-length ( P y l )
Optim izing the channel gap length shown in Figure 7.13 was done by decreasing the
gap length in the helium and liquid salt channels from 2.0 mm to 0 mm, in steps o f 1.0
mm. The gap length for the helium and liquid salt channels were also increased up to 4.0
mm, in steps of 1.0 mm.
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G

Figure 7.13. H eat exchanger m odule showing the gap between fins in flow direction
param eter under study

These changes had no significant effect on the therm al pow er for the liquid salt and
helium channels as shown in Figure 7.14. The m axim um variation between the two
extrem e values o f gap-lengths (0 m m and 4.0 mm) showed only a 3% difference.
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The results of the study, Figure 7.15, show that the pressure drop decreases as the gap
in the flow direction is increased. But the most significant degradation in the pressure
drop values for all four cases were found when the gap-length was zero. The most
significant change was on the liquid salt side with rectangular fin edges where there was
an 80% difference between the gap length values of 0 mm and 1.0 mm. This can be
attributed to the flow channel being very small, due to the com bination of the fin
thickness and the absence of a gap in the flow direction. However, the other three cases
still had a significant difference, o f about 40%, between the 0 m m and the 1.0 m m gaplength cases. There was about a 10% difference in the pressure drop values for all four
cases : 1.0 m m to 2.0 m m and 2.0 m m to 3.0 mm. W hen the gap-lengths for all the cases
were increased further, from 3.0 m m to 4.0 mm, the pressure drop values varied only by
abut 5%, which was not a significant effect. In general the effect of the gap-length on the
pressure drop was m ore significant for the rectangular fin edge channels than com pared
to that o f the curved and rectangular fin edge channel.
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7.6 Effect o f fin length (/)
O ptim izing the fin length of the channel shown in Figure 7.16 was done by increasing
the fin lengths on the helium and liquid salt channels from 10.0 m m to 11.0 m m and 15.0
mm. The fin lengths w ere also decreased from 10.0 nun to 9.0 m m and 5.0 nun.

Figure 7.16. H eat exchanger m odule show ing the fin length param eter under study
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T he changes in fin length values had almost no effect on the thermal pow er for the
liquid salt and helium channels, as shown in Figure 7.17. The maximum variation
between the two extreme values of fin lengths, 5.Ü mm and 15.Ü mm , showed only a 2%
difference.
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O 25

10
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Figure 7.17. Fin length vs Therm al pow er for both channels

The results o f the study. Figure 7.18, show that the pressure drop decreases as the fin
length is increased. The m ost significant was the 20% and 17% difference betw een the
values of 5.0 m m and 9.0 m m for the helium side with rectangular and curved fm edges,
respectively. This can be attributed to the boundary layers in the flow channel being
restarted frequently for the case o f low er fin lengths. However, the other three cases, 9.0
mm, 10.0 mm, and 11.0 nun, had only small differences. There was about a 10%
difference in the pressure drop values for the 11.0 m m and 15.0 m m fin lengths on the
helium side. For the liquid salt side the overall effect was less pronounced. The pressure
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drop values varied only by about 10% for both rectangular and curved fin channels when
the fin length was changed from 9.0 mm to 5.0 mm. But the pressure drop decreased only
by about 5%, fur both liquid sail channel configuraLions, when die value was changed
from 11.0 mm to 15.0 mm. But the 9.0 mm, 10.0 mm, and 11.0 mm cases had almost no
change in the pressure drop values on the liquid salt side.
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Figure 7.18. Fin length vs Pressure drop for both channels
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CHAPTER 8

DISCUSSION OF RESULTS
O verall, the num erical models are able to predict the overall performance of the heat
exchanger design. These models can be used to further support the experimental program
for these kinds of heat exchanger channel configurations. Since the past research were
based upon the flow channels as discussed in Chapter 7 and the lack o f research in these
kinds o f channels, it is im perative to perform experiments on these kinds of channels. The
com plex nature o f the flow was observed from the tw o-dim ensional numerical
simulations and as expected there were no recirculation regions at the leading edges of
the fins for the Reynolds num bers under this study. As the presence o f recirculation
regions at the leading edges tend to reduce the heat transfer coefficient quite
considerably.
W hen the num erical simulation results between the tw o different physical property
models were com pared, using the lam inar flow approach, the differences were m ore
pronounced on the hydrodynamics than the heat transfer. The difference was insignificant
for the helium side while the liquid salt side had a difference o f 10% in the pressure drop
results. This can be due to the difference between the nature o f the liquids (FLINAK) and
gases (helium). The difference was less for the helium gas side because the variations o f
properties with respect to tem perature were less com pared to the liquid salt side.

112

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

The insignificant effect on heat transfer due to the different physical property models
can be due to the data availability for the thermal conductivity of FLINAK. However,
the com parison tests may even show diilcrcnt lesults when perform ed using turbulence
m odeling.

8.1 C om parison between the curved and rectangular fin edge channels
It was found that the shape of the fins had significant effect on the pressure drop
w hile the difference in therm al performance w as less. This can be due to the sharp
constrictions that occur in the flow channel due to the rectangular fin edges while for a
curved fm edge channel the flow blockage is sm oother with no sudden changes in the
flow area along the flow direction. In other words better aerodynamic shapes reduce the
form drag quite considerably. The change in therm al perform ance was less due to the fact
that the overall mass flux and flow area was constant for both the cases.

8.2 Study o f the effect o f fillets on the geom etry
The effect o f fillets w as m ore pronounced on the fluid flow rather than the heat
transfer. The effect on pressure drop was about 25% and 17% for the helium and liquid
salt channels, respectively. The effect on hydrodynam ics w as due to the reduction and
change in the cross-section o f the flow area. The fillets increased the pressure drop for the
helium channel while it reduced the pressure drop for the liquid salt channel. This can be
attributed to the difference in the flow physics betw een gases and liquids.
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8.3 C om parison o f numerical results with analytical calculations
T here w ere huge differences in friction factor between the numerical results for the
licaL exchanger channel with iiu gap in [he flow dirccliun and die analytical calculations
for the friction factor. Some of this can be attributed to the differences in the flow
channels as explained in Chapter 6, and the ratio o f the geom etrical parameters that were
used during the experiments. The differences w ere m ore pronounced for the liquid salt
side due to the fact that the behavior of a liquid could be significantly different com pared
to that o f air, w hich was used in the analytical experiments.

8.4 Effect o f the geom etrical param eters
T he effects o f the changes in the geom etrical param eters, as discussed in Chapter 7 is
felt m ore on pressure drop than the heat transfer. This can be due to the surface area of
the channels being so small (in the range o f 2.25 mm).
W hen the fin thicknesses w ere varied it was observed that the increase in thickness
value increased the pressure drop quite significantly. This occurs since a fin norm al to the
flow will experience a form drag due to the difference in pressure in front o f and behind
the fin. Also, the w ake width depends on the fin thickness, and the m om entum boundary
layer thickness. The increase in thickness o f the fins increases the wake w idth and the
recirculation regions are wider. Thus, the pressure gradients are increased in the flow
channels.
The channel heights when increased tend to decrease the pressure drops quite
considerably, but a further decrease in the channel heights from the baseline helium and
liquid salt channel dim ensions increased the pressure drop by a huge margin. The reason
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for the difference m ay be the top and bottom walls having a greater influence on the
friction factor.
The effect uf the pitch in the x-diicctiua did have a significant effect on the pressuie
drop, but it only had a small effect on the thermal performance for the helium and liquid
salt sides. This is due the reduction in spanwise pitch tends to reduce the transverse
spacing between the adjacent fins of the same row, which in turn leads to a increased
interaction between the shear' layers of the fluid flowing between the fins. Thus, the
reduction in pitch increased the pressure drop, w hile an increase in the pitch reduced the
pressure drops.
W hen the effect o f the gap lengths on the heat exchanger perform ance w ere studied it
was found that the changes in the gap lengths between the fins in the flow direction
affected the pressure drops quite significantly, w hile it did not have m uch o f an effect on
the therm al performance. The reduction in the gap lengths reduced the length o f the
wakes and the m om entum boundary layers quite significantly. H ence, the m ixing o f the
layers increased the pressure drops quite considerably, while the increase in gap lengths
reduced the pressure drops.
The effect o f fin length, despite having a significant effect on the pressure drop, the
thermal performance w as not significant. The changes in the fin length values directly
influence the w akes between the fins and the velocity profiles at the trailing edges. The
decrease in the fin length values for a constant overall heat exchanger length basically
increased the num ber o f m odules per m eter; thus, the breaking o f the m om entum
boundary layers is m ore frequent. H ence, due to these reasons the change in fin length
varied the pressure drop value quite significantly.
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CHAPTER 9

CONCLUSIONS AND SUGGESTIONS
In this project the flow and heat transfer across a counterflow offset stiip fin heat
exchanger has been studied. Three main cases are analyzed in this, namely:
1. a heat exchanger channel with rectangular fin edges
2. a heat exchanger channel with curved fin edges
3. fluid flow with constant and tem perature dependent physical properties
4. a

heat exchanger channel

geom etry

which

includes

effects

due

to

m anufacturing methods
5. heat exchanger channel with no gap between the fins in the flow direction
The proper boundary conditions were applied and the governing equations were
solved using the 2-D and 3-D num erical m odels developed for this project. The results
obtained for these cases are sum m arized below:
•

Both the 2-D and 3-D num erical solution results show that the heat exchanger
channels with curved fin edges provide a better overall performance.

•

The pressure drop is periodic with respect to the length o f the channel.

•

The reattachm ent length o f the vortices form ed behind the trailing edge o f the fins
increased with an increase in Reynolds num bers.
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•

T h e variation of physical properties with respect to tem perature had no effect on
the helium side.

•

I'h e temperature dependent physical properties had about a iO% influence on the
hydrodynam ic performance of the liquid salt channel.

•

T h e inclusion of the fillets in the geom etry showed some significant effect on the
friction factor of both the fluid channels.

•

T he effects due to the m anufacturing m ethods did not have an effect on the
therm al perform ance of the either fluids.

•

T he investigation on the design w ith no gap between the fins in flow direction is a
m uch better approximation o f the heat exchanger channel configurations used to
derive the empirical correlations. The design predicted a very high increase in the
pressure drops, but the thermal perform ance was almost the same to the baseline
heat exchanger design.

•

The results from the num erical sim ulations for flow channels w ith no gap between
the fins varied significantly from the analytical calculations.

The optim ization studies were perform ed and the results can be sum m arized as follows:
•

The therm al pow er remains constant after a certain overall length of the heat
exchanger.

•

Increases in fin thickness increased the pressure drops quite significantly while
the decreases in the fin thicknesses reduced the pressure drops significantly.

•

Changes in fin thickness value did not affect the therm al performance.
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•

T h e increase in the channel height values for the helium side degraded the thermal
perform ance while a decrease in the channel heights increased the thermal
p e ifu n r ia n c e.

•

T he effect of channel height was insignificant on the thermal performance of the
liquid salt side.

•

In term s of pressure drop the increase in channel heights reduced the pressure
drops significantly, for both helium and liquid salt. »

•

T he decrease in channel heights increased the pressure drops considerably for
both fluids.

•

T he increase in the x-direction pitch degraded the thermal performance and a
decrease in the x-direction pitch increased the thermal performance m arginally for
both sides.

•

D ecrease in the x-direction pitch increased the pressure drops while increasing the
x-direction pitch dropped the pressure drops quite significantly for both channels
by a considerable margin.

•

The effect of the gap length between the fins was insignificant on thermal
performance.

•

Pressure drops increased significantly as the gap lengths in the flow direction
were decreased. W hereas, as increase in the gap lengths reduced the pressure
drops marginally.

•

The effect o f fin length was insignificant on the thermal performance.

•

The sm aller fin lengths had higher pressure drops for a fixed heat exchanger
length.
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•

The increase in the fin length values reduced the pressure drops in a considerable
manner.

Suggestions
•

The results of the analytical calculations were based on the existing empirical
correlations for a different type of offset strip fin heat exchanger channels and
varied quite significantly from the results of the num erical solution. Therefore,
there is a need to perform experim ents on this type of heat exchanger channel.

•

From the results, it is clear that the micro-channel heat exchangers will be a
further step in keeping the design com pact and providing a good performance.

•

Perform ing a therm o-m echanical stress analysis is quite im portant, taking into
consideration about the huge difference in the operating pressures of the two
fluids and the large tem perature differences between the surfaces.

•

There have been articles and findings in the literature that predict the flow to
becom e unsteady in these kinds of channels, even at low Reynolds num ber
values. This w ould prove to be an im portant phenom enon to be considered for
this heat exchanger design.

•

There is a need to study the leak tightness of the solid material, due to the
extreme operating conditions.
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